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ABSTRACT 

Experiments are desorihed in ■?rhich the pulse wave 
velocity is found to he linearly related to diastolic 
hlood press^^^e* The ultimate objective of this study is 
to provide data on the feasibility of utilizing this 
relationship to develop an instrument which will monitor 
diastolic blood pressure in ambulatory patients. It was 
found, in experiments on dogs, that this relationship 
holds over a wide range of blood pressiire and in the 
presence of such physiological perturbations as vasocon- 
striction, vasodilation, sympathetic stimulation, and 
changes in cardiac contractility, cardiac output, heart 
rate, and blood volume. 
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The clinical assessment of the hlood pressure in 
ambulatory patients as usually carried out may not giye 
a complete picture of the patient usual cardiovascular 
status, Although the traditional auscultatory method 
[[Gilford (1954)3 sives accurate results at the time it is 
performed, the physician is provided with only a single 
data point under test conditions which may signif icantly 
alter the variable being measured. Stress, both physical 
and emotional, is Icnown to alter blood pressure, [Friedberg 
(195^)3 some individuals the visit to the doctor* s 

office is traumatic in itself. Moreover, the physician 
cannot assess the degree of lability of blood pressure due 
to stressful situations which may occur during the day. 
Ideally he wants to measure blood pressure throughout a 
usual day’s activities. The physician is concerned about 
cardiovascular complications due to blood pressure which 
are related to 1,) average pressure in the system over 
long periods, and 2,) masimum and minisium excursions. The. 
average pressure in the system is related to the amount of 
woric performed by the heart. An increased average pressure 
will cause an increased cardiac workload, and hence, hyper- 
trophy of the heart, [[Friedberg (195^)3 Excessive maximum 
excursions of blood pressure are related to cerebral 
hemorrhage and dissecting aneurisms. On the other hand, 
excessive minimum excursions may cause dizziness, fainting 
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spella, 01’ evoii aLrokoa, [r±*ieuuei*g (iy 5 o)j iv record oi 
the "blood Tariations during normal daily activities would 
also be of icey importance in assessing the effectiveness 
of drugs used in the treatment of hypertension. Therefore, 
long-term monitoring of blood pressure in ambulatory patients 
would be an important clinical tool. 

The need for long-term blood pressure monitoring has 
been recognized for some time, and there have been numerous 
attempts to devise systems to do this, [poupe ( 1939 ) » 

Gilson ( 1 Q 42 ), Lange ( 1943 )*] Arterial blood pressure may 
be meas either directly or indirectly. The direct 
method ‘ a needle or cannula inserted into the artery. 
j^MoulopoL os (1963) J This method provides continuous, 
accurate information, but has a number of disadvantages. 

Tlie introduction of any foreign body into the artery is 
traumatic and may cause ischaemia, thrombosis, infection, 
hemorrhage, etc. It is certainly not a suitable method for 
ambulatory patients. 

The only widespread method of indirectly measuring 
blood pressure is the auscultatory (sphygmomanometric) 
method mentioned earlier. The auscultatory method malres use 
of a cuff, attached to a manometer, which is placed aroiuid 
the arm. The cuff pressure is increased above the systolic 
pressure in the artery so that the vessel is completely 
occluded. The cuff pressure is then slowly decreased. 

When the cuff pressure drops to systolic pressure, there 
exists a time at which the level of pressure inside the 
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ar’ftA'py pnnal R -ftba-f: nf ±hf=t pTPflwifT’p on-ftRirtp, 'Thi ca n-ppB-t.pp 

ujne1;al)le mechanical situation, and tlie Tibrations 
produced hr the sudden reerpansicn of the coapressed axtory 
with en-oh pnlee generates audible soimde (Korotkoff sonnde) 
which may be heard by placing a stethoscope OTor the artery. 
As the cuff pressure is decreased, the point is reached at 
which the intra-arterial pressure always exceeds cuff 
pressure. Thus, no Korotkeff sounds are lieard. The cuff 
pressure at the disappearance of the sound is the diastolic 
pressure. [Gilford (195^)[1 

liearly all indirect methods for continuously moni- 
toring blood pressure have made use of the auscultatory 
method. [Corel 1 (1959)[] Instruments which automate the 
sphygmomanometric method are of two types. The first 
type provides the physician with a recording of the cuff 
pressure and the corresponding arterial event (sound, 
radial pulsations, or volumetric changes) and leaves the 
interpretation of the data to the physician. The second 
type makes the interpretations electronically or mechani- 
cally and displays the corresponding pressures directly. 
[Gilford (1954)] 

The principle objection to all of these systems is 
their use of a citff to occlude on artery intermittently 
over a long period of time. This may cause damage to the 
extremity, and is certainly not comfortable. Furthermore, 
automated cuff devices require a source of compressed air 
to inflate the cuff. They tend to he bulky and inconvenient 
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The various prohZems with these methods have prevented 
their widespreewi use. Because of the extensive work done 
on these approaches with less than optimal results, a new 
approach is suggested. Previous work has suggested that a 
systematic relationship exists "between pulse wave velocity 
in the arterial system and arterial pressure. In this 
project we have 1.) revieived the literature for "both 
mathematical models and experimental results, and 2.) per- 
formed experiments on dogs to verify this relationship. 

II. EETIE^T OF THE LITSRATUflE 

A, Mathematical Model 

The pulse wave may "be thought of as a ripple on 
moving water with the arterial wall exerting an elastic 
constraint on the fluid. Thus the pulse wave velocity is 
the sum of the velocity of the pulse relative to the "blood 
and the velocity of "blood in the artery. [^Bramwell and 
Hill (1922)3 Although a complete theory of pulse wave 
transmission is very complex, Bramwell and Hill have 
simplified it "by assuming 1.) the wave is propagated over 
relatively short distances; and 2.) "because of the elas- 
ticity of the arteries, there are no sharp discontinuities 
in the waveform, so only the lower frequencies must "be 
considered. More complete treatments have been carried 
out, "but will not be reviewed here. [Morgan and Kiely 
(195^) j "ffomersley (1957) » Atabek and Lew (1966)3 With the 
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aTjove simplifications, the formula of ^foen^ (1878) (see 
Appendix il) may he used to relate velocity to properties 
of the artery: 


V 


1/2 

(Ea/2pr) 


( 1 ) 


TOiere: 

V s velocity of the onset of the 
pulse wave 

S - modulus of elasticity for 
lateral expansion of the 
artery 

a =5 thickness of the arterial 
wall 

p = density of hlood 

r = radius of the artery 


A transformation of this formula was done "by 
Braniwell and Hill (1922) to relate pulse wave velocity to 
more easily measured properties iji vivo . 

Oonsider a segment of elastic tuh© of thickness a, 
radius r, and length dz, with an applied tension per unit 
length T, as shown in Figure la. The same segment, 
rolled out into a thin sheet, is shown in Figiire Ih. 
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dl/1 = (1/EA) dTdz (2) 

Sutistituting A =; adz and X =; into equation (2) gives; 

dr/r = (1/Eauz) dTdz = dt/Ea (2a) 

Prom Laplace’s Law for a cylinder, Pr s T where P = pres- 
sure, equation (2a) hecomes; 

dr/r r= (1/Ea) d(Pr) (l/Ea) (rdP+Pdr) 

Since Pdr is small compared to rdP, equation (2h) 
dP S3 (Ea/r^)dr 

Introducing the volume per unit length; 

T Hr^ 

SY/9r r= 2^r 

dv/dP = (ST/SrXar/SP) 

Combining equations (2o), Oa*) » (^) gives; 

dV/dP = 27rr(r^/Ea) =: E-Mr^/Ea 
From equations (3) and (5); 

dT/dP = 2rT/Ea (6) 

From equations (1) and (6); 

(T/(^dT/dP))^^^ (7) 

Equation (7) is ’fcli© Bramwell-Hill Equation Bramwell and 
Hill ( 1922 ) which, if v is in meters per second, P is in 
millimeters of mercury, dV/T is a percentage increase in 
volume, and^= 1.055, may also be expressed as; 

3.57 (dP/(dT/T))^^^ (7a) 

The Bramwell-Hill Equation may be used to calculate 
pulse wave velocities from pressure-volume curves meastu?©d 
( } experimentally, and hence, to derive a relationship between 


(2b) 

becomes; 

(2o) 


(3) 

<3a) 


(4) 


(5) 
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a preasure-voluBie curre from the excised thoracic aorta of 
a dog, [Kallook and Benson (1937)3 Teasel was first 
filled with saline solution, the radius was measured, and 
the Tolume was calculated for zero arterial pressure. The 
pressure in the artery was then increased step-wise, with 
a two minute pause between steps to allow equilibration, 
and a pressur e-volume curve obtained. Data taJcen from 
Hal look and Benson (1937) is plotted as the percentage 
increase in volume versus the pressure in the vessel 
(Figure 2a), Figure 2 b is the derivitlve of the pressure- 
volume curve In Figure la with respect to percentage 
volume, and is plotted against pressure. The equation of 
the curve is the equation of a parabola; 

dl?/(dy/V) = 2,9s10“^P^-.68x10”^P+,'^ (8) 

dp/(dy/v) = ( 1 . 73 : 10 " 2 p-. 21 ) ( 8 a) 

Equation ( 8 a) combined with equation (?a) gives: 


V = 6, 08x1 0"^P-o 75 (9) 

For a diastolic pressure of 100 mm of Hg, equation (9) 
gives a pulse wave velocity of 5*23 m/sec, which compares 
favorably to values found in other studies. [Brarawell and 
Hill (1922), Hallock and Benson (1937), Haynes, Ellis, 
and Weiss (193^) > Hye (1964), Schimmler ( 1966 ), and 
Steele (1937)3 


Percentage Yoltune Increase 
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SoTeral papers haire dealt with the pressure-velocity* 
relationship empirically* One of the most complete early 
studies was done hy Steele (1937)* Other workers [?Iye 
(1964), Haynes, Sllis, and iffeiss (193^)^ have found that 
data taJeen from a numher of individuals gives no significant 
correlation between pulse wave velocity and diastolic pres- 
sure. Steele illustrates that individual differences are 
large, hut that for a given individual the relationship is 
linear. From curves talcen from the hrachioradial arteries 
of four individuals it can he seen that each of the curves 
is approximately linear, hut there is a significant differ- 
ence in their slopes, with larger slopes for curves taken 
from older individuals. In a set of four curves taken from 
the same individual over a six month period, Steele shows 
that the relationship for a given individual remains 
relatively constant. 

Schimmler (1966), however, found that it was possible 
to generalize data across large numbers of patients if age 
is used as the parameter. First, plotting pulse wave veloc- 
ity against the age of patients for a given mean arterial 
pressure gave a curve of positive slope. A family of curves 
were plotted in this manner, each curve for a different 
pressure, with curves of steeper slopes taken at higher 
pressures. From this family of curves, Schimmler plotted 
the values of pulse wave velocity against mean pressure for 
a given age and generated a straight line relating velocity 
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Schimmler ot)taijied a family of straisht lines with age as 


the pai'aiiietei^, and iiiies for greater age had steeper 
slopes. Since age is regarded as a rough indos of elas- 
ticity, this observation, also noted by Steele, is explained 
by Moens* formula, Ae can be seen from equation (l), pulse 
wave velocity is proportional to the square root of the 
elastic modulus; stiffer arteries, which are associated with 
older people, hare higher relocities for the same pressure, 
Schimmler (1966), in contrast to Steele (1937) » 
related pulse ware relocity to mean arterial pressure rather 
than diastolic pressure; there has been ambiguity in the 
literature as to which is the significant variable, Steele 
(1937) resolves this problem by a series of experiments on 
dogs in which a.) the systolic pressure is altered without 
changing the diastolic pressure, b,) the systolic pressure 
is increased while the diastolic pressure is decreased, and 
c.) the systolic pressure is not changed while the diastolic 
pressure is altered. In all cases the pulse wave velocity 
followed changes in the diastolic level. These results led 
Steele to conclude: ”The pressure upon which the speed is 

dependent is not systolic, mean, or pulse pressure but 
unequivocably diastolic pressure,** j^Steele (1937)!] 


III. ESPJSRIMEKTAL TORE 
A, Objectives 

The ultimate objective of our research is to develop* 
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a detrice which will utilize the pulse vpave velocity as a 
measure of diastolic hlood pressure in ambulatory patients. 
Experimental data was necessary to answer several questions 
relating to the feasibility of such an instrument* First, 
could we verify the earlier experimental data and mathe- 
matical model which predicted a linear relation between 
diastolic pressure and pulse wave velocity? Would this 
relation hold even in the presence of such physiological 
perturbations as vasoconstriction, vasodilation, sympathetic 
stimulation, changes in cardiac contractility, cardiac 
output, heart rate, and blood volume? 

In measuring pulse wave velocity, one needs to 
measure the time interval between pulse wave arrival at two 
separate points in the elastic portion of the arterial sys- 
tem, An ideal reference time, tQ, would be the onset of 
the presstire wave in the proximal aorta which corresponds 
to the onset of ventricular emptying. Clearly it is 
difficult to measure this time directly in a non-invasive 
manner. However, if the onset of ventricular emptying 
(opening of aortic valve) were related in a predictable way 
to the electrical depolarization of the ventricles, the QRS 
complex of the EKG could serve as a reference time in 
computing pulse wave velocity. The critical question to be 
answered is what is the variability in the latency, T, 
between ventricular depolarization and aortic valve opening. 
It is known that y is on the order of lOOmaec, [Braunwald 
(1955)^ which is comparable to the pulse wave transmission. 
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time from ttie aorta to the femoral artery. The variability 
in T must therefore he very small to permit the use of the 
EKGr as a timing reference. The literature indicates, how- 
ever, that 7' may vary substantially, even for consecutive 
cardiac cycles. In a study done hy Agrees (196k), the 
standard deviation in T for ten consecutive cycles was 
4,6 msec. For values taken two weeks apart, the average 
standard deviation was 7,3 msec. 

One might therefore expect considerable variability 
in the latency particularly under conditions of blood 
volume changes, changes in sympathetic tone, and wide 
variations in blood pressure. One of the objectives of 
our experiments therefore was to examine the variability 
of T with various hemodynamic manixjulations. 

B, Methods 

Three dogs weighing approximately 45 pounds each 
were used in the experiments. Each was anesthetized with 
nemhutal injected intravenously at a dosage of 1 rag per 
5 pounds of body weight. The chest, neck, and groin were 
shaved and prepped. The right common carotid artery and 
the left femoral artery were surgically exposed. The cheat 
was opened hy a transverse Intercostal incision extending 
across the sternum. The left common carotid artery was 
exposed just distal to its point of origin at the arch of 
the aorta, {see Figure 3) 

Pressures were recorded from the right carotid, the . 



19 



FIGURE 3» aorta and its major Uranohes, 
(s indicates locations where pressures were 
measured) 


( .) 
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model P23Crt» strain gage pressure transducers were used 
(P23Db for aorta), and were coupled to the arterial lumens 
by uniform 13.5 cm lengths of no. 220 polyetliylene tubing. 
Aortic cannulation was accomplished via the left common 
carotid. In Experiment III the femoral pressure was recorded 
from the right femoral eirtery. 

Sanborn carrier amplifiers (model 350-H00B) were 
used to amplify the pressure signals. The amplifiers were 
calibrated against a mercury manometer. Pressure wave forms 
were recorded on FM tape, and a multichannel chart recorder. 
Frequency responses of the components of the system are 
given in Table 1, The frequency response of the over-all 
system was limited by the pressure transducer and catheter, 
and was flat from 0 to 50 Hz. 

In the third animal, mechanical movements of the left 
femoral and right carotid arteries were measured by means 
of transducers mad© from ceramic phonograph cartridges, 
(Figure k) In order to obtain low frequency sensitivity, 
a very high input impedance voltage follower stag© was 
used as a buffer between the cartridge and the recording 
system amplifiers. The I*M302 was used, with an input 
impedance of 10^ ohms. 

Outputs from pressure transducers, mechanical trans- 
ducers, and the EKG were recorded on both a chart recorder 
and FM tape recorder. Both a Sanborn hot stylus 
recorder and a Brush model 260 ink recorder were used in 
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Table 1 

Frequency Response of 
Pressure Recording Components 


1, Statliam model P23Db and P23Gb 
pressure transducers and 
catheters 

2. Sanborn carrier amplifiers 
model 330-1 lOB 

3* Sanborn FM tape recorder 
model 3907 A 

4, Sanborn hot stylus 
chart recorder 


0-50 Hz 
(estimated) 


3dB down at 
480 Hz 

0-625 Ilz 


IdB down at 
70 Hz 

(full scale) 


5. Brush Chart recorder 
model 260 


0-50 Hz 

(full scale) 



23 


these exDeriments. Typical experimental data are illustrated 
in Figures 5 and 6. 

Blood pressure i?as manipulated using a variety of 
druffs and also through inducing hypovolumia. Vasocon- 
striction was produced hy Levophed, increased cardiac output 
hy epinephrine, vasodilation hy Isuprel, or Isuprel in 
comhination with Regitine. I^potension due to liypovolumia 
was produced after removing 600 cc of hlood from the femoral 
artery (Experiment I) or vein (Experiments II and III). 

Tahle 2 is a list of the drugs given to each animal, their 
dosage, and their cardiovascular effects. Mercfe (1968) 

C, Results 

As can he seen in Figure 5, the shape of the pulse 
changes as it is propagated down the system; the rising 
portion of the wave, from onset to peak, sharpens, while 
the falling portion broadens. Therefore, the onsets of 
pressure waves, and of mechanical displacements, were used 
to determine transmission times. The first sharp rise 
after the iJRS complex of the EKG was taken to he the onset. 

Transmission time, ^t, was determined from the chart 
recordings to an accuracy of 5 msec with the aid of a 
straightedge. In some cases, particularly during hypo- 
volumia, the accuracy of the transmission time was less 
than this because of ambiguities in the determination of 
onsets, resulting in errors of up to 10 msec. Pressures 
were also measured with the aid of a straightedge with an 
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Tat)l© 2 

Drugs Administered During Experiments 


Name 


Effect 


Dosage Experiment 


Epinephrine Sympathetic Icc, Injected I 

stimulation, intravenously 

Increased 

heart rate, 

Increased 
cardiac output, 

Vasoconstriction 


Levophed 

( 1 -»nor ep 1 nephr i ne ) 


Isuprel 

(Isoproterenol) 


Kegitine 

(Phentoamine) 


Vasoconstriction 

4cc/ 250ml, 
Intravenous 
drip in 5% 
dextrose 
solution 
(drip rate 
adjusted to 
produce desired 
effect) 

Cardiac 

Img/ 250mi , 

stimulation. 

Intravenous 

Vasodilation 

drip in 5fo 
dextrose 
solution 
(drip rate 
adjusted to 
produce desired 
effect) 

Vasodilation, 

5mg, Injected 

Increased 
heart rate 

intravenously 


I 

II 

III 


II 

III 


XI 

III 
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”B8st«fi-fc" lines were calculated for the plots of 
I/Au versus pressure (Figures G— 13) uaiiig the iiieiliod of 
least squares, [Davies (lj?6l)'] {Data from which these plots 
were constructed are given in Appendix B.) The standard 
deviation in measured minus calculated preesiu^es for each 
plot was calculated from the following formula: 

[Davies (196l)[| 


IVhere ; 

Pj = measured pressure 
Peal = calculated pressiire 
H = numher of data points 


Figure 7 is £*' plot of the transmission time from the 

arch of the aorta to the femoral artery versus carotid 

» 

diastolic pressure, and is from Experiment I, The graph 
is both qualitatively and quantitatively similar to one 
published by Hamilton, Remington, and Dow (1945) from a 
nearly identical experiment in which diastolic pressure 
was manipulated with epinephrine and transmission times 
were measured from pulse wave onsets at the ascending aorta 
and the bifurcation of the iliacs. 

If the inverse of the transmission time, which is 
velocity in arbitrary units, is plotted against carotid 
diastolic pressure (Figure 8), the straight-line relation- 
ship observed by Steele (1937) becomes apparent. Sven 
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FIGOEE 5* Ware forms from Experiment II, (Sanborn recorded) 















FIGURE 6. WaT 0 forins from Esperiment III. (Brush recorder) 
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FIGURE 7- Plot of carotid diastolic pressure 

versus the time interval between the onset of 

the pulse wave in the aorta and the onset in | 

the femoral artery. Data talcen under various j 

conditions in Experiment, I ( hypovolumia, 

• K= normal, a = epinephrine, o ^ Levophed) , | 
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Carotid Diastolic Pressure 



FIGDHE 8, Plot of carotid diastolic pressure rer- 
ana tlie inverse of the time interval "between the 
onset of the pulse wave in the aorta and the onset 
in the femoral artery. Data taken under various 
conditions from Experiment I ( <;- = hypovoluaia, 

• = normal, ■ ss epinephrine, o =s Levophed) , Best- 
fit lines P = 1.02xl0^(l/At)-51*t>7, 6 = 11.75. 








I*eraoral Diastolio Pressiire 



FIGXIRE 9* Plot of femoral diastolic pressure ver- 
stis the inverse of the time interval "between the 
onset of the pulse wave in the aorta and the onset 
in the femoral artery. Data talcen under various 
conditions from Es^jeriment I ( ^ = hypovolumiaj 
• = normal , « = epinephrine , o » hevophed) , Best- 
fit line; P= 1.104xl0^(l/At)-71.65, 15.060. 

















Caro-fcid Diastolic Pressxtre 
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l/zit X 10~^ (rasec'^^) Carotid— Femoral Onsets 


FIGTIRE 10. Plot of carotid diastolic pressure 
Tersus the inverse of the time interval "between 
the onset of the pulse wave in the carotid 
• artery and the onset in the femoral artery. 

Data taken under various conditions from 
Esi)eriment I ( -<^ = hypovolumia, • - normal, 

■ epinephrine, o = Levonhed) . Best-fit line: 

P = 7 -3Sxio^U/At) -57. ?5, d = 21.976. 









Femoral Diastolic Pressure 
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FIGURE 11, Plot of femoral diastolic pressiore 
Tersus the inrerse of the time interval between 
the onset of the pulse wave in the carotid 
artery and the onset in the femoral artery. 

Data talcen under various conditions from I 

Experiment I ( 4- = hypovolumia, • = normal, * 

■ t= epineplirine . o = Levophed). Best-fit line: i 

P = 7.73s:103(l/At)-70.83, 6 = 26.662. 
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1/At x 10“-^ (mseo”'*') Aorta-Femoral Onsets 


FIGUHE 12. Plot of carotid diastolic pressure 
versus the inverse of the time interval between 
the onset of the pulse wave in the aorta and 
the onset in the femoral artel-y. Data taken 
under various conditions from Experiment II 
( + ts hypovoiumia, ■ = lauprel and Segitine, 
a s= IsupreX, • = normal, o = Levophed). Best- 
fit line: P = I,107sl0^(l/At)-70.31, S“ 11.85. 







Femoral Diastolic Pressure 



1/At X 10"3 (jnseo*”^) AortP^-Femoral Onsets 


FISME 13 . Plot of femoral diastolic pressure 
versus the inverse of the time interval between 
the onset of the pulse wave in the aorta and 
the onset in the femoral artery. Data taken 
under various conditions from Experiment II 
( > = hypovolumia, ■ = Isuprel and Eegitine, 
n s Isuurel , • S3 norml , » = Levophed) . Best- 

fit line; P 1.06xl0^(l/At)-70,96, <s = 11. o4. 


Femoral Mean Pressure 
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FKxDEE l4. Plot of femoral mean pressure ver- 
sus tlae inverse of the time interval "between 
the onset of the pulse wave in the aorta and 
the onset in the femoral artery* Data taken 
under various conditions from Experiment II 
( ^- = hypovolumia, ■ = Isuprel and Regitine, 
n s= Isuprel, • - normal, o = Levophed) , Best- 
fit line; P = l.l6slO^(l/At)-62,65, c- 15.265. 




Carotid Mean Pressure (nan Hg) 



FIGURE 15- Plot of carotid mean pressure ver- 
sus the inverse of the time interval between 
the onset of the pulse wave in the aorta and 
the onset in the femoral artery. Data talcen 
under various conditions from Experiment II 
(-!>•« hypovolumia, ■ =* IsupreX and Regitine, 
n =: Isuprel, • = norns-l, o = Levophod) . Best- 
fit line: P =: l,l4xlO^(l/At)-64.96, 6 =* 13.81. 
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1/At X 10"^ (msec”^) Carotid-Femoral Onsets 


FIGDEE 16, Plot of carotid diastolic pressure 
versus the inverse of the time interval between 
the onset of the pulse wave in the carotid 
artery and the onset in the femoral artery. 

Data tafeen under various conditions from Experi- 
ment II ( > =s hypovolumia, ■ s= Isuprel and 
Regitine, □ = Isuprel, • s= normal, o =s Levophed) , 
Best-fit line: P = 7. 58x1 0-^(l/^t) -71*86, 

5 s 17.83. 










FIGUHS 17 « Plot of femoral diastolic pressiire 
versus the inverse of the time interval hetween 
the onset of the pulse wave in the carotid 
artery and the onset in the femoral artery* 

Data taJcen under various conditions from Experi- 
ment II ( ■«■ = hypovolumia, ■ := Isuprel and 
Hegitine, o = Isuprel, • normal, 0 = Levophed) , 
Best-fit line: P = 8.64-xlO-^(l/At)-97*95» 

(5-= 16,00. 
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1/At X 10~3 (jtnsec"^) Garotid-Femoral Mech. Onsets 


FIGURE 18. Plot of femoral diastolic pressure 
TersTis the inverse of the time interval between 
the onset of the mechanical displacement in the 
carotid artery and the onset of the displacement 
in the femoral artery. Data taken under various 
conditions in Experiment III ( > = hypovolumia^ 
* =r hypovolumia and Isuprel, ■ = R©/ itine and 
Isuprei, a s Isuprel y • = nprmaly c ^ Levophed) , 
Best-fit line: P = 1.20x1 0'+Cl/At) -104.83, 

6^ 13.96. 










Carotid Diastolic Pressure (mra Hg) 



Latency Time (msec) QHS to Aorta Onset 


FIffDSE 19* Plot of carotid diastolic pressure 
versus the time interval from the QRS comples: 
to the onset of the pulse wave in the aorta. 
Data taken under various conditions in 
Esperiment I ( ■> = hypovolumia, • ss normal, 

■ = epinephrine, o = Levophed), 
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FIGURE 20. Plo-fc of carotid diastolic pressure 
versus the time interval from the QK3 comples: 
to the onset of the pulse wave in the aorta. 
Data tafeen under various conditions in 
Ex^jeriment II ( ^ ^ hTpovolumia, ■ = Isuprei 
and Regitine. n =: Isuprei, • = normal, 

= Levophed) , 
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under various conditions, there is no systematic departure 

from linearity with any of the drugs or hypovoluinia* This 

was observed to he true for data from all experiments, as 

can he seen in Figures 8-l8, 

A minor exception to this observation was found in 

the plots of carotid and femoral mean pressures versus 

aorta-femoral velocity from Experiment II. (Figures l4 and 

15) As mentioned earlier, Steele (1937) carried out a 

series of experiments illustrating that pulse wave velocity 
* 

is related to diastolic pressure rather than mean pressure, 
even though Schimmler (1966) had found a linear relationship 
between velocity and mean pressure. This was explained by 
observing that mean pressure is usually linearly related to 
diastolic pressure, so velocity would vary in the same way 
with both. When Isuprel was given in Experiment II, the 
contractility of the heart, and hence the pulse pressure, 
increased, resulting in a larger difference than normal 
between the diastolic and mean pressures. Conversely, 
during hypovolumia, the pulse pressure was decreased, hence 
the difference between mean and diastolic pressures ‘was 
smaller. As can be seen from Figures l4 and 15 » the points 
ta&en under Isuprel tend to lie above the line, while the 
points taken during hypovolumia lie below the line. Although 
this effect was small, it agrees with Steele’s conclusion 
that pulse wave velocity follows diastolic pressure. 

The velocities measured in Experiments I and II were 
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8 and 9, 10 and 11, 12 and 13, l4 and 15, and l6 and 1?) 

As can "be seen from these pairs of graiDhs, the relationships 
shovn do not depend on Trhcrc the pressure T?as measured. The 
best example is from Experiment II with aortic- femoral 
diastolic pressures, (Figures 12 and 13) The slopes of the 
lines are 1,107 x 10^^' and 1,06 x 10^, the intercepts are 
- 70.31 and - 70.96 and the standard deTiations are 11.85 
and 11*04, 

Note that the slopes of the cunres of Figures 9 and 
13 are very similar across animals. This finding implies 
great similarity in the properties of the dog’s Tascular 
systems. 

As noted above, it would he desirable to find a way 
to detect the onset of pressure in the aorta. This would 
provide a maximum distance over which to measure velocity 
in the large vessels, and therefore give more accurate 
results. This can he seen hy comparing Figure 13, which 
is a plot of femoral diastolic pressure versus aorta-femoral 
velocity, and Figure 1?, which is a plot of femoral dia- 
stolic pressure versus carotid-femoral velocity. The graph 
in Figure 13 lias a standard deviation of 11, 04, as compared 
to 16,00 for the graph in Figure 17. 

The standard deviation for femoral diastolic pressure 
as a function of carotid-femoral velocity was improved hy 
the use of mechanical transducers in Experiment III (Figure 
18), giving a standard deviation of 13*96. This can he 
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atiirlhiitfifl to tho sharper initial rise of the mechanice-l 
transducer wave form as can be seen in Figure 6, giving a 
more difinitivo onset, and hence more consistent results. 
These results, however, are still not as good as those 
measured over a longer effective distance, 

A possible method already mentioned would be use of 
the QHS complex of the EKG as a timing reference for the 
onset of pressure in the aorta. This could only be used 
if the variability in the time interval (T) between the 
EKG and the aortic pressure oirset were small. Figures 19 
and 20 are plots of T" versus carotid diastolic pressure 
from Experiments I and II, If there were not variability, 
one would expect the plots to be vertical lines. As can 
readily be seen from the graphs, the variability in T" is 
large, comparable to T itself observed tmder normal 
conditions. 

The effects of the drugs and reduction of blood 
volume in these experiments can readily explain the effects 
observed onO", Under normal conditions, T varies from 80 
to 90 msecs, which is consistent with the previous studies 
discussed earlier. During hypovolumia, the ventricles are 
not allowed to fill completely, resulting in a decreased 
cardiac output and lower blood pressure. Since the ventri- 
cles are not completely filled, they contract more rapidly 
against less resistance, resulting in the smaller values of 
^ observed, with T decreasing as the effect becomes more 
pronounced, and blood pressure drops. IsTiprel stimulates 
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therefore reduced values of T* The corahination of 
Xte^itiuey vrhilch xs a vasodilator ^ and Isuprel produced a 
marfeed further decrease in "blood pressure and a slight 
decrease inT, Epinephrine also stimulates the heart, 
increasing hoth cardiac output and heart rate, also result- 
ing in more vigorous contraction and reduced values of O'* 
Levophed, which is mainly a vasoconstrictor, had a smaller 
effect on ^ than epineplirine, but also reduced T as the 
pressure increased* This reduction was most probably a 
function of the observed increase in heart rate. 


IT. DISCUSS I OK 

1. There is a linear relationship between puis© wave 
velocity aiid diastolic pressure imder the following 
conditions s 

a« Tasoconstriction, increased heart rat© (Levophed) 
b, Tasoconstriction, increased heart rate, increased 
cardiac output (epinephrine) 
c* Kormal 

d. Increased contractility of the heart and vaso- 
dilation (Isuprel) 

e. Increased contractility, increased heart rate, 
vasodilation (Isuprel and Regitine) 

f. Hypovolumia 

2, Pressures measured in the femoral or in the carotid 
arteries give similar curve parameters, indicating the' 


46 


nr»-i -hy •taI a.+ *i rmsViip not. df»pflnri Slib- 

s-fcantially on where the pressure is measured, 

3* T'eXcoitiCo moasurod hotwoon tho aroh tho aorta a n d 
the femoral artery ^ive smaller standard deviations In 
pressure than do velocities measured he tween the carotid 
and femoral arteries, 

4, Plots of mean pressures versus velocity show small 
systematic departures from linearity under conditions 
where the difference between mean and diastolic pressure 
is higher or lower than normal. These departures are 
in the direction expected if velocity follows diastolic 
pressure, 

5, Data from mechanical transducers in Experiment III give 
pressure-velocity curves similar to those fro.m pressure 
transducer data with a smaller standard deviation for 
similar variables. This is explained by a smaller onset 
ambiguity due to the sharper initial rise of mechanical 
transducer wave forms. 

The variability in the -EKG to aorta pressure onset delay 
time is too large to mah:e it useful as an indication of 
the aortic pressure rise. 

It has been seen that there is a linear relationship 
between diastolic pressure and pulse 'ffave velocity over a 
wide variety of conditions. The parameters of the relation- 
ship are functions of the properties of the artery and vary 
between individuals. Therefore, they must be determined 


OEIGlNAIi PAGE 33 
OP POOB QUAUTSI 



^7 


empirically for each i nrt -f ttI i^nal . Thl9 conld most eajsily 
he accomplished hy measuring transmission times between 
two points and measurins prcssuro with the traditional 
auscultatory method. If this is done for at least two dif- 
ferent pressures, the physician could obtain the slope and 
intercept of the curve relating the iiiverse of transmission 

time (-velocity) to diastolic pressure for that patient and 
* 

those transducer locations, With just a record of trans- 
mission times, the physician would have enough information 
to determine the patient’s diastolic pressure throughout a 
day’s activities. 

With this scheme in mind, there are a number of 
areas for futute investigation: 

1, The possibility of using the second heart soimd 
as an indication of pressTire onset in the aorta, 

2, The development of a transducer to detect the 
arrival of a pulse wave without artifacts which 
does not interfere with an ambulatory patient’s 

t usual activities, « 

3, The design of a portable electronic system to 
process transducer input and store transmission 
times or their inverses. 




APPEPJDLT A 

Derivation of the Moens Formula [Hardimg (19^2)]] 


Consider a visco-elastic 
tube of radius r and cross- 
sectional area Q, When a 
pulse passes through the 
tube the radius changes, 
therefore: 

r = r(z,t) 

Q = Cl(z,t) 

Consider as on element of volume a small disc of thicloiess 
dz. If P is the pressure in the tube, the force on it is 


given hy: 

dFg =. -(Q*P) 2 +dz *1' = "<5(Q-P)/Sz)dz (1) 

dFg = -Q'(aP/az) »dz - P*OQ/az)*dz (la) 

Since dQ/Q is small, dQ/dz is also small and: 

dFjg S -Q*(5P/az)-dz (Ih) ■ 

The mass of the disc dm ss p Qdz where p is density. From 
Kewton; F - ma, therefore: 

— — (3P/dz) (2) 

Intrcsduoing flow volume is Q(dz/dt), 

hi^/hH = -(Q/p)(5P/Sz) (3) 


From the continuity equation, the intake of volume minus 
V the outflow equals the increase of volume of the disc or: 


2 > 



dz 



Figure 1 
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dlgCz^t) = (Si2/3z)dz = -ij, (4) 

Where: 

ijp s radial current 


ip =s (dr/dt)2?i'rdz (5) 

From Hooke’s Law: 

2T^dr/2fr = (l/E*a*dz) d(P*r)dz 

Where: 

a s= wall thiclcness 
P*r =: T, tension on the 
wall, from Laplace’s 
Law 


dr/r = (l/E*a)(Pdr + rdP) 


(6a) 


Since Pdr is small compared to rdP, 

dP = Ea/r^ • dr (6h) 

Differentiating equation {6h) hy t and comhining with 
equations (4) and (5)J 

-(aP/St) = 1/2TT Cai^/Sz) (Ea/r3) (?) 

Differentiating equation (?) hy z: 

t = l/2t^ (^2i„/Sz2 Ea/r3 + ^U/hz Ea ar^/Jiz) 

" “ / _ \ 


Since dr/6z is small: 

"(a^p/btaz) S (E*a/2tfr^)(a^i2/5z^) (?h) 

Differentiating equation (3) hy z twice gives: 

a3i^/3t5z^ ^ -(Q/p)(a^F/az3) (s) 

Differentiating equation (?h) hy z: 

-(33p/^ta::^) (Ea/2T^p3)(^3i^/gi^) (9) 

Comhining equations (8) and (9)s 

(Q/^)(a^P/az^) = (2T?r^/E*a){a^P/at^) <X0) 

or finally: 


(10a) 


Equation (10a) is the wave equation from which comes the 
characteristic velocity; 

V = (Ea/2rp)^'^^ (11) 

Equation (11) is the iloens formula. 
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APPENDIX B 

Tables of Experimental Data 


The following data were used to construct the 
pres sure- velocity curves in Figures 8-18, This data 
includes: !•) the experimentally determined velocities 

(1/A.t, where A.t is the transmission time, and 2,) the 
observed pressures (either the diastolic pressure, 
or Pjjj, the mean pressure), P(calc) is the pressure 
calculated for a given value of the velocity using 
the equation of a ”hest-fit" line determined hy the 
method of least squares, P{j(or 'B^) - P(calc) is the 
vertical distance between the observed pressure and 
the "best-fit*' line. 

Drug-induced changes in cardiovascular status are 
denoted in the table by the drug name, ( Reg i tine was 
always used in combination with Isuprel, but is listed 
in the table as Regitine.) Normal and hypovolumic 
conditions are listed as such. 
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TaMe I 

Carotid Diastolic Pressures and 
Aorta-Femoral Onset Velocities from Experiment I 


1/At 

(ms0C'“i) 

Pd 

(mm Hg) 

P(calc) 
(mm Hg) 

Pd-P<CE*dc) 
(mm Hg) 

Conditions 

0.0X43 

83 

94.6 

- 11,6 

formal 

0.0143 

90 

94.6 

— 4.6 

Normal 

0.0^32 

210 

185.3 

24.7 

Epinephrine 

0 . 021 ? 

190 

170.0 

20.0 

Epinephrine 

0.0099 

25 

49.8 

-24.8 

Epinephrine 

0.0111 

50 

62.0 

- 12.0 

Epinephrine 

0.0091 

45 

41.6 

3.6 

Epinephrine 

0.0091 

45 

4l,6 

3.6 

Epinephrine 

0.0095 

45 

45.7 

- 0,7 

Epinephrine 

0.0133 

32 

84.4 

- 2.4 

Normal 

0,0143 

85 

94,6 

- 9.6 

Normal 

0.0133 

8 ? 

84.4 

2.6 

Normal 

0.0166 

115 

118.1 

- 3.1 

Epinepla. in© 

0.0175 

120 

127.2 

- 7.2 

Epinepnrine 

0,0189 

125 

141.5 

- 16,5 

Epinephrine 

0,0217 

150 

170.0 

-20,0 

Epinephrine 

0,0192 

140 

144,5 

- 4,5 

Epinephrine 

0.014? 

95 

98.7 

- 3.7 

Normal 

0.0175 

116 

127.2 

-11.2 

LeTophed 

0,0135 

103 

36. 5 

21.5 

Levophed 

0.0130 

87 

81.4 

5.6 

Levophed 

0,0125 

73 

76.3 

- 3.3 

Levophed 

0,0179 

132 

131.3 

0.7 

Levophed 

0.0176 

135 

128.2 

6.8 

Levophed 

0.0213 

157 

165.9 

- 8.9 

Levophed 

0.0222 

173 

175.1 

- 2.1 

Levophed 

0.0159 

128 

110.9 

17.1 

Levophed 

0.0164 

90 

116.0 

- 26.0 

Normal 

0,0l4? 

87 

98.7 

- 11.7 

Normal 

0.0108 

70 

59.0 

11.0 

Normal 

0.0106 

70 

56.9 

13.1 

Normal 

0.0104 

70 

54.9 

15.1 

Normal 

0.0100 

67 

50.8 

16.2 

Normal 

0.0111 

75 

62.0 

13.0 

Normal 

0.0100 

55 

50.8 

4,2 

Hypovoiumia 

0,008? 

37 

37.6 

-.0.6 

E^povolumia 

0.0075 

25 

25.3 

- 0.3 

E^^povolumia 

0.0083 

24 

33.5 

- 9.5 

HTpoTolumia 

0.0086 

24 

36.5 

-12.5 

Hypovoiumia 

0.0091 

45 

41,6 

3.6 

Hypovoiumia 

0,0125 

80 

76.3 

3.7 

Normal 

0.0250 

205 

203.6 

1.4 

Epinephrine 

0.0244 

204 

197.5 

6.5 

Epinephrine 

0.0222 

182 

175 . i 

6.9 

Epixiephrine 
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Taljle II 

Femoral Diastolic Pressures and 
Aorta-Femoral Onset Velocities from Experiment I 


1/M 

(insec”^) 

Pd 

(ram Ilg) 

P(calc) 
(ram Hg) 

Pd-P(calc) 
(ram Ilg) 

Conditions 

0.0143 

85 

86,2 

- 1,2 

Normal 

0.0143 

87 

86,2 

0.8 

Normal 

0.0232 

210 

184,4 

25.6 

Epinephrine 

0.0217 

178 

167 . 3 

10.2 

Epinephrine 

0.0099 

27 

37.6 

- 10.6 

Epinephrine 

0.0111 

45 

30.9 

- 5.9 

Epinephrine 

0,0091 

46 

28,8 

17.2 

Epinephrine 

0.0091 

46 

28,8 

17.2 

Epinephrine 

0.0095 

45 

33.2 

11.8 

Epinephrine 

0.0133 

72 

75.1 

- 3.1 

Normal 

0.0143 

77 

86.2 

- 9.2 

Normal 

0.0133 

82 

75.1 

6.9 

Normal 

0.0166 

118 

111.6 

6,4 

Epinephrine 

0,0175 

123 

121,5 

1.5 

Epinephrine 

0.0189 

127 

136.9 

” 9.9 

Epinephrine 

0.0217 

153 

167,8 

- 14,8 

Epineplirine 

0.0192 

l 4 o 

140,2 

0,2 

Epinephrine 

0.0147 

94 

90.6 

3.4 

TVT A *l 
x» Ua. 

0.0175 

147 

121,5 

25.5 

Levophed 

0.0135 

109 

77.3 

31.7 

Levophed 

0.0130 

80 

71.8 

8.2 

Levophed 

0.0125 

63 

66,3 

- 3.3 

Levophed 

0.0179 

130 

125.9 

4.1 

Lerophed 

0.0196 

133 

144.7 

- 11.7 

LeYophed 

0.0213 

150 

163.4 

-13.4 

Levophed 

0.0222 

165 

173.4 

- 8.4 

Lerophed 

0.0159 

127 

103.8 

23.2 

Levophed 

0.0164 

70 

109.3 

-39.3 

Normal 

0,0147 

65 

90.6 

-25.6 

Normal 

0.0108 

40 

47.5 

- 7.5 

Normal 

0.0106 

3 ? 

45.3 

- 8.3 

Normal 

0.0104 

35 

43.1 

- 8,1 

.Normal 

0.0111 

30 

50.9 

- 20.9 

Normal 

0.0250 

203 

204.3 

- 1.3 

Epinephrine 

0 . 024 i^ 

200 

197.6 

2.4 

Epineplirine 

0.0220 

180 

173.4 

606 

Epinephrine 


Table III 


Carotid Diastolic Pressitres and 


Carotid-Fcnicral 



tMn T 

1/At , 
(msec”i) 

(mm ng) 

P(oalc) p£ 

(mm Hg) ( 

»-P(calc) 
[mm Hg) 

Oonditions 

0,0200 

S 3 

89.8 

= 6.8 

Kcrmal 

0.0111 

90 

24.1 

65.9 

Normal 

0,0345 

210 

196.7 

13.3 

Epineplirine 

0.0333 

190 

187.9 

2.1 

Epinephrine 

0,0185 

25 

78,7 

- 53.7 

Epinephrine 

O.OI89 

50 

81.7 

-31,7 

Epinephrine 

0.0167 

45 

65.4 

- 20.4 

Epinephrine 

0,0167 

45 

65.4 

- 20.4 

Epinephrine 

0,0161 

45 

61.0 

-16,0 

Epinephrine 

0,0200 

82 

89.8 

- 7.8 

Normal 

0.0182 

35 

76.5 

8.5 

Normal 

0.0200 

87 

89,8 

- 2.3 

Normal 

0.0250 

115 

126.7 

- 11.7 

Epinephrine 

0.0250 

120 

126,7 

- 6.7 

Epinephrine 

0.0244 

125 

122.2 

2.8 

Epinephrine 

0.0250 

150 

126.7 

23.3 

Epinephrine 

0,0222 

140 

106.0 

34.0 

Epineplirine 

0.0156 

95 

86.8 

8.2 

Normal 

0.0213 

116 

99.4 

16.6 

Levophed 

0,0200 

108 

89,8 

18.2 

Levophed 

0.0185 

87 

79,7 

8,3 

Leyophed 

0,0217 

73 

102.3 ■ 

- 29.3 

Leyophed 

0,0250 

132 

126.7 

5,3 

Leyophed 

0,0250 

X 35 

126.7 

8.3 

Leyophed 

0.0286 

157 

153.2 

3.8 

Leyophed 

0,0323 

173 

180 0 

- 7,5 

Leyophed 

0.0244 

128 

122,2 

5.8 

Leyoplxed 

0.0222 

90 

106.0 

-16.0 

Normal 

0,0227 

87 

109,7 

-22.7 

Normal 

0.0167 

70 

65.2 

4.8 

Normal 

0.0167 

70 

65.2 

4.8 

Normal 

0,0167 

70 

65.2 

4.8 

Normal 

0.0155 

67 

59.5 

7.5 

Normal 

0.0179 

75 

74.3 

0.7 

Normal 

0.0115 

55 

30.0 

25.0 

Hfpoyolumia 

0,0118 

37 

29,3 

7.7 

HiT>OTolnmia 

0,0133 

25 

4o,4 

-15.4 

H^poyolmnia 

0.0143 

25 

47.4 

-22.7 

Hypoyolnmia 

0.0161 

24 

61.0 

- 37.0 

HypoTolumia 

0.0167 

45 

65.4 

- 20,4 

Hjrpoyolumia 

0.0179 

SO 

74.3 


Normal 

0.0357 

205 

205,6 

- 0,6 

Epinephrine 

0.0370 

204 

215.2 

-11,2 

Epinephrine 

0.0256 

IS2 

131.1 

50.9 

Epinephrine* 
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Tattle IV 


Femoral Diastolic Pressures and 
Carotid-Femoral Onset Velocities from Exueriraent I 


1/At 

Pd 

P(calc) 

Prt-P(caic) 

Conditions 

(msec”^) 

(imn Hg) 

(mm Ilg) 

(mm Hg) 


0,0200 

■ 85 

83.7 

1.3 

Kormal 

0.0111 

8? 

15.0 

72,0 

Normal 

0,0345 

210 

195.8 

14.2 

Epinephrine 

0.0333 

1?8 

186.5 

-8.5 

Epinephrine 

0.0185 

2? 

72.2 

-45.2 

Epinephrine 

0.0189 

45 

75-3 

-30.3 

Epinephrine 

0.016? 

46 

58.2 

-12.2 

Epinephrine 

0.016? 

46 

58.2 

—12 . 2 

Epinephrine 

0.0161 

45 

53.6 

- 8.6 

Epinephrine 

0.0200 

?2 

83.7 

-11.7 

Normal 

0.0182 

77 

69.3 

?,2 

Normal 

0.0200 

82 

83.7 

- 1.7 

Normal 

0,0250 

118 

122.4 

- 4.4 

Epinephrine 

0.0250 

123 

122.4 

0,6 

Epinephrine 

0.0244 

12? 

117.8 

9.2 

Epinephrine 

0.0250 

153 

122.4 

30.6 

Epinephrine 

0.0222 

l4o 

100,8 

39.2 

Epinephrine 

0.0196 

94 

80.? 

13.3 

Normal 

0.0213 

14? 

93.8 

53.2 

Lerophed 

0,0200 

109 

83.7 

25.3 

Levophed 

0.0185 

80 

72.2 

7.8 

LeTophed 

0,021? 

63 

96.9 

-33.9 

Lerophed 

0.025c 

130 

122.4 

7.6 

Levophed 

0.0250 

133 

122,4 

10.6 

Levophed 

0.0285 

150 

150.0 

0,0 

Levophed 

0,0323 

165 

178.8 

-13.8 

Leirophed 

0.0244 

12? 

117.8 

9.2 

Levophed 

0.0222 

?0 

100.8 

-30.8 

Normal 

0.022? 

65 

104.6 

-39.6 

Normal 

0.016? 

4o 

58.0 

-18.0 

Normal 

0.016? 

37 

58.0 

—21 .0 

Normal 

0.0166 

35 

57.8 

-22.8 

Normal 

0,0159 

30 

52.1 

-22.1 

Normal 

0,0357 

203 

205.1 

-20.9 

Epineplirine 

0.03?b 

200 

215.1 

-15.1 

Epinephrine 

0.0256 

130 

127.3 

52o? 

Epinephrine 
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Table Y 

Carotid Diastolic Pressures and 
Aorta-Femoral Onset Velocities from Esporimcnt II 


1/At 

(iDsec”i) 

(mnj Hg) 

P(oa,lo) 
(mm Hg) 

Pjj-.p(nalc> 
inm Hg) 

Conditions 

0.0152 

110 

97*9 

12,1 

Normal 

0.0149 

112 

94.6 

17.4 

Normal 

0.0156 

115 

102,3 

12,7 

Normal 

0.0159 

115 

105.6 

9.4 

Normal 

0,0200 

129 

151*0 

-22.0 

Levophed 

0.0196 

l 4 o 

146,6 

— 6.6 

Levophed 

0,0189 

148 

138.8 

9*2 

LeTophied 

0.0179 

132 

127.8 

4.2 

Levophed 

0.0233 

200 

187*5 

12,5 

Levophed 

0.0227 

163 

180.9 

-17*9 

Levophed 

0.0167 

120 

114,2 

5.8 

Normal 

0.016? 

115 

114,2 

0.8 

Normal 

0.0159 

107 

105,6 

1.4 

lauprel 

0.0143 

104 

87.9 

X6.X 

Isuprel 

0.0125 

82 

68.0 

14.0 

Isuprel 

0,0122 

72 

64.7 

7.3 

Isuprel 

0,0122 

72 

64.7 

7.3 

Isuprel 

0.0112 

58 

53*6 

4.4 

Isuprel 

0.0116 

55 

58.0 

- 3*0 

Isuprel 

0.0143 

100 

87*9 

12.1 

Isuprel 

0.0152 

105 

97*3 

7.7 

Norma.l 

0.0154 

110 

100,1 

9.9 

Normal 

0,0149 

112 

94.6 

17.4 

Normal 

0,0161 

115 

107.8 

7.2 

Normal 

0,0141 

97 

85*7 

11.3 

Normal 

0.0125 

84 

68,0 

16.0 

Regitine 

0.0111 

65 

52*5 

12.5 

Regitine 

0.0113 

58 

54.7 

3.3 

Regitine 

0.0103 

41 

43.7 

- 2,7 

Regitine 

0.0104 

39 

44.8 

- 5.8 

Regitine 

0.0098 

29 

38.1 

- 9.1 

Regitine 

0.0106 

35 

4?.0 

-12.0 

Regitine 

0,0089 

24 

28.2 

- 4.2 

Regitine 

0.0093 

28 

32.6 

- 4.6 

Regitine 

0.0091 

35 

30,4 

4.6 

Regitine 

0,0102 

44 

42.6 

1,4 

Regitine 

0.0098 

45 

38.1 

6,9 

Regitine 

0.0088 

19 

27.1 

- 8.1 

Regitine 

O0OO94 

22 

33.7 

-11.7 

Regitine 

0.0114 

76 

55.8 

20.2 

Regitine 

0.0099 

45 

39.2 

5*8 

Regitine 

0,0115 

46 

56.9 

-10.1 

Regitine 

0.0103 

4 l 

43.7 

- 2.7 

Regitine 
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Tame Y 
(continued) 


(msec"-^) 

(iffin Hi?) 

P(calc) 
(mm Hj:) 

P(j-P(calc) 
(mm H;?) 

Conditions 

0.0143 

95 

87.9 


Iformal 

0.0179 

101 

127.8 

-26.3 

Kormal 

0.0139 

95 

83.5 

11.5 

Normal 

0.0154 

93 

100.1 

- 7.1 

Normal 

0.0152 

100 

97.9 

2.1 

Leyophed 

0.0161 

100 

107.8 

- 7.8 

Levophed 

0,0172 

100 

120,0 

-20.0 

Levoplied 

0.0143 

78 

87.9 

- 9.9 

Normal 

0.0156 

82 

102.3 

-20.3 

' Normal 

0,0161 

83 

107.8 

-24,8 

Normal 

0,0132 

72 

75.8 

- 3.8 

HypoTolutnia 

0,0095 

4? 

34.8 

1.2 

Hypovolumia 

0,0100 

39 ■ 

40.3 

- 1.3 

Hypovolumia 

0.0102 

4o 

42.6 

- 2,6 

H^ovoluniia 

0,0100 

25 

40.3 

-15.3 

Hypovolumia 

0.0083 

19 

21.5 

- 2.5 

HypOYolmnia 

0.0083 

18 

21.5 

- 3.5 

i^rpoYOlumia 

0,0093 

15 

32.6 

-17,6 . 

HTq>ovol timia 

0,008? 

7 

26.0 

-19.0 

niT)OYOluinia 
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Ta'ble VI 


Femoral Diastolic Pressure and 
Aox' i>a-Feiuox*ai Ojiset Yeiocities rx'Oiu Experiment II 


1/At „ 
(msec"^) 

(mm Hg) 

P{calc) 
(mm ilg) 

Pf|-P{calc) 
(mm Hg) 

Conditions 

0.0152 

106 

90.1 

15.9 

rrormal 

0,0149 

109 

86,9 

22.1 

Kormal 

0.0156 

111 

94,4 

16,6 

Kormal 

0.0159 

112 

97.5 

i4.5 

Normal 

0.0200 

120 

l4l.O 

-21.0 

Levophed 

0.0196 

134 

136.7 

- 2.7 

Leyophed 

O.OI 89 

137 

129.3 

7.7 

Leyophed 

0.01?9 

120 

118.7 

1.3 

Leyophed 

0.0233 

188 

175.9 

12 a 1 

Leyophed 

0.0227 

150 

169.6 

- 19.6 

Leyophed 

0.0167 

111 

105.7 

5.3 

Kormal 

0.0167 

110 

105.7 

4.3 

Normal 

0,0159 

105 

97.5 


Isuprel 

0,0143 

90 

80.6 

9.4 

Isuprel 

0.0125 

66 

61.5 

4.5 

Isuprel 

0.0122 

60 

58.3 

1.7 

Isuprel 

0,0122 

60 

58.3 

1.7 

Isuprel 

0.0112 

48 

47.7 

0.3 

Isuprel 

0,0116 

0.0143 

46 

52.0 

— 6,0 

Isuprel 

87 

80,6 

6.4 

Isuprel 

0.0152 

97 

90.1 

6.9 

Normal 

0.0154 

106 

92.2 

13.8 

Normal 

0.0149 

103 

86.9 

21.1 

Normal 

0.0161 

110 

99.7 

10.3 

Normal 

0.0141 

SO 

78.5 

1.5 

Normal 

0.0125 

65 

61.5 

3.3 

Regitine 

0,0111 

52 

46,7 

5.3 

Re gi tine 

0,0113 

49 

48.8 

2.1 

Regitine 

0.0103 

37 

38.2 

- 1.2 

Regitine 

0,0115 

41 

50,9 

- 9.9 

Regitine 

0,0103 

37 

38,2 

- 1.2 

Regitine 

0,0104 

33 

39.2 

- 4.2 

Regitine 

0,0098 

26 

32.9 

- 6.9 

Regitine 

0.0106 

32 

41.4 

— 9*4 

Regitine 

0,0089 

23 

23.4 

- 3-5 

Regitine 

0.0093 

25 

27.6 

- 2,6 

Regitine 

0.0091 

30 

25.3 

4.5 

Regitine 

0.0102 

38 

37.1 

0.9 

Regitine 

0.0098 

39 

32.9 

6,1 

Regitine 

0.0099 

40 

34.0 

6.0 

Regitine 

0.0088 

21 

22,3 

- 1.3 

Regitine 

0.0094 

26 

28.7 

- 2.7 

Regitine 

0.0114 

61 

49.8 

11.2 

Regitine 
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Table VI 
(continued) 


1/At 

(msec"'^) 

(mm Hff) 

P(calc) 
(mm Hg) 

Pjj-P(calc) 
(mm H^) 

Conditions 

0,0l43 

77 

80.6 

” 3*6 

Normal 

0.0179 

87 

113.7 

-31.7 

Normal 

0.0139 

94 

76.3 

17.7 

Normal 

0.0154 

90 

92,2 

- 2.2 

Normal 

0.0152 

95 

90,1 

4,9 

Levophed 

0.0161 

95 

99.7 

- 4.7 

Levopiied 

0,0172 

102 

111.3 

- 9.3 

LeTophed 

0.0143 

73 

80,6 

- 7.6 

Normal 

0,015^ 

72 

94.4 

-22.4 

Normal 

0.0161 

73 

94,7 

- 26.7 

Normal 

0,0132 

6o 

68,9 

- 8,9 

Hypovolumia 

0.0095 

38 

29.7 

8,3 

Hypovolumia 

0^0100 

32 

35.0 

- 3.0 

HypoTToluraia 

0.0102 

31 

37.1 

- 6.1 

Hypovolumia 

0,0100 

20 

35.0 

-15.0 

HypoTolumia 

0.0033 

16 

17.0 

- 1.0 

HypoT^oluniia 

0.0033 

15 

17.0 

- 2.0 

i^poTolumia 

0.0083 

13 

17.0 

- 4.0 

I^poTolumia 

0,0037 

5 

21.2 

-16.2 

Hypovoluuiia 
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Talale YII 


Carol: id Mean Pressnres and 


Aortci-r 

enoral Cnse 

. 1 . . 
: b y OXUUJ. oxt?o 

Tor IX 

1 /At 

(msec"^) 

(mm Hg) 

P(calc) 
(mm Hg). 

Ptl-P(calc) 
(mm Kg) 

Conditions 

0,0152 

117 

114.2 

2,8 

normal 

0,0149 

125 

110.7 

14.3 

normal 

0.0160 

131 

123.5 

7.5 

normal 

0.0159 

132 

122.4 

9.6 

normal 

0.0200 

l 4 l 

170.1 

-29.1 

LeTophed 

0.0196 

1^4 

165.4 

- 1.4 

Levophed 

0.0179 

loO 

145.7 

14,3 

LeToplied 

0.0233 

240 

208.5 

31.5 

Levophed 

0,0167 

140 

131.7 

8.3 

Ko,''mal 

0.0167 

131 

131.7 

- 0.7 

Kov-mal 

0.0122 

90 

79.3 

10,7 

I SI I pr el 

0.0116 

83 

72.3 

10.7 

Isrprel 

0,0152 

120 

114,2 

5.8 

Normal 

0.0149 

126 

110.7 

15.3 

Normal 

0.0161 

126 

124,7 

1.3 

Normal 

0,0125 

93 

82.8 

10,2 

Hegitine 

0.0115 

70 

71.2 

- 1.2 

Regitine 

0,0106 

55 

60,7 

- 5.7 

Regitine 

0.0091 

53 

43.2 

14.8 

Regitine 

0.0102 

65 

56.0 

9.0 

Regitine 

0.0098 

65 

51.4 

13.6 

Regitine 

0.0099 

64 

52.6 ‘ 

11.4 

Regitine 

0.0088 

45 

39.8 

5.2 

Regitine 

0,0094 

56 

46.7 

9.3 

Regitine 

0.0114 

90 

70.0 

20.0 

Regitine 

0.0143 

107 

103.8 

3.2 

Normal 

0.0179 

105 

i45o7 

- 40,7 

Normal 

0,0154 

115 

116,6 

- 1.6 

Normal 

0,0152 

116 

114,2 

1.8 

Levophed 

0,0161 

120 

124.7 

- 4.7 

Levophed 

0.0172 

130 

137.5 

- 7.5 

Levophed 

0,0143 

104 

103.8 

0.2 

Normal 

0,0156 

100 

118.9 

- 18.9 

Normal 

0.0161 

94 

124.7 

-30.7 

Normal 

0,0132 

82 

91.0 

- 9.0 

Hypovolumia 

0.0095 

60 

47.9 

12.1 

Hypovolumia 

0,0100 

50 

53.7 

- 3.7 

Hypovolumia 

0,0102 

58 

56.0 

2.0 

Rypovolumia 

0.0100 

3 X 

53.7 

- 22.7 

Hypovolumia 

0,0083 

27 

33.9 

- 6.9 

BSTPOvolnmia 

0,0083 

27 

33.9 

- 6.9 

Bypovolumia 

0,0093 

20 

45.6 

-25.6 

Hypovolnmia 

0,0087 

11 

38.6 

-27.6 

Hypovolumia 
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TalDle VIII 


Femoral Mean Pregsure and 
Aor fca-Feuioral Onaei. Velooiliea Tx-oui ExeiJerxiueai, II 


1 /At 

(mseo“^) 

(mm Hg) 

P(calc) 
(nun Hg) 

Pti-P(caic) 
(nmi Hg) 

Conditions 

0.0152 

119 

103,6 

10.4 

Jiorniai 

0 , 01^>'9 

121 

105.1 

15.9 

Normal 

O.Ol'jO 

127 

117.7 

9.3 

Normal 

0.0159 

126 

116.6 

9.4 

Normal 

0.0200 

135 

163.4 

- 28.4 

Levophed 

0.0196 

155 

153.8 

- 3.8 

Levophed 

0,0179 

150 

139.4 

10,6 

1 -eToph.ed 

0.0233 

225 

201.1 

23.9 

Levophed 

0 , 016 ? 

133 

125.7 

7.3 

Normal 

0 . 016 ? 

125 

125.7 

- 0.7 

Normal 

0,0122 

85 

74,3 

10.7 

Isuprel 

0.0116 

71 

67.5 

?•? 

Isuprel 

0.0152 

113 

108.6 

it, 4 

Normal 

0.0149 

121 

105.1 

15.9 

Normal 

0.0161 

120 

118.8 

1.2 

Normal 

0.0125 

88 

77.7 

10,3 

Regitine 

0,0115 

65 

66,3 

- 1.3 

Beg i tine 

0.0106 

48 

56.1 

- 8.1 

Begitine 

0.0091 

50 

38.9 

11,1 

fiegitine 

0.0102 

59 


7.5 

Regitine 

0.0098 

60 

46.9 

13.1 

Regitine 

0.0099 

58 

48.1 • 

9.9 

Regitine 

0,0088 

37 

35.5 

1.5 

Regitine 

0.0094 

45 

42,4 

2.6 

Begitine 

0.0114 

85 

65.2 

19.8 

Regitine 

0.0143 

101 

98.3 

2.7 

Normal 

0.0179 

102 

139.4 

- 37.4 

Normal 

0.0154 

112 

110,9 

1 .x 

Normal 

0.0152 

113 

108,6 

4.4 

Lerophed 

0.0161 

117 

118.8 

- 1,8 

LeTophed 

0.0172 

125 

131.4 

- 6,4 

Levophed 

0.0143 

100 

98.3 

1.7 

Normal 

0.0156 

96 

113.1 

-17.1 

Normal 

0.0161 

91 

118.8 

-27.8 

Normal 

0.0132 

80 

85.7 

- 5.7 

Hypovoluraia 

0.0095 


43.5 

12.5 

Hypovolnmia 

0.0100 

47 

49.2 

- 2.2 

i^rpovolmnia 

0.0102 

45 

51.5 

- 6.5 

HypoTolumia 

0.0100 

30 

49.2 

-19.2 

Hypovolnmia 

0.0083 

27 

29.8 

— 2.8 

Hypovolumia 

0,0083 

26 

29-8 

- 3.8 

Hypovolnmia 

0.0093 

18 

41.2 

- 23.2 

Hypovolumia 

0,0087 

10 

34,4 

- 24.4 

Hypovolmnia 
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TalDle IX 


Carotid Diastolic Pressures and 
Carotid-Femoral Onset Velocities from i^xperiment II 


l/A-fc 

(insec“^) 

(mm Hg) 

P(calc) 
(mm Hg) 

?ri-2(calo) 
(mm Hg) 

Coiiditions 

0.0238 

110 

103.4 

1.6 

Normal 

0.0233 

112 

104.6 

7.4 

Normal 

0.0233 

115 

104.6 

10,4 

Normal 

0.0217 

115 

92.5 

22.5 

Normal 

0.0263 

129 

127.4 

1.6 

Levophed 

0.0222 

l4o 

96.3 

43.6 

LeTopb.ed 

0,0303 

14S 

157.7 

- 9.7 

LeTOphed 

0,0263 

132 

127.4 

4.6 

Levoplied 

0.0333 

200 

180,4 

19.6 

Lerophed 

0.023s 

120 

108,4 

11,6 

Normal 

0,0222 

115 

96.3 

18.7 

Normal 

0,0233 

107 

104.6 

2,4 

Isuprel 

0.0208 

104 

S5.7 

18,3 

Isuprel 

0.0179 

82 

63.7 

18.3 

Isuprel 

0,0175 

72 

60.7 

11.3 

Isuprel 

0.0179 

72 

63.7 

8.3 

isuprel 

0.0169 

53 

56.2 

1.8 

isuprel 

0.0172 

55 

58,4 

- 3.4 

Isuprel 

0.0200 

100 

79.6 

20.4 

Isuprel 

0.0204 

105 

82,7 

22.3 

Normal 

0,0204 

110 

85.7 

24.3 

Normal 

0,0244 

112 

113.0 

— 1.0 

Normal 

0.0250 

115 

117.5 

- 2.5 

Normal 

0.0213 

97 

89.5 

7.5 

Normal 

0.0200 

84 

79.6 

4,4 

He gi tine 

0.0167 

65 

54,6 

10,4 

Begitine 

0,0172 

58 

58.4 

- 0.4 

Regitine 

0.0159 

41 

48.6 

- 7.6 

Begitine 

0,0169 

46 

56.2 

-10.2 

Begitine 

0.0161 

41 

50.1 

- 9.1 

Regitine 

0.0167 

39 

54.6 

-15.6 

Begitine 

0.0152 

29 

43.3 

-14.3 

Begitine 

0,0164 

35 

52.4 

-17.4 

Begitine 

0.0149 

24 

41,0 

-17.0 

Regitine 

0.0143 

28 

36,5 

- 8.5 

Begitine 

0.0156 

35 

46.3 

-11.3 

Regitine 

0.015^ 

44 

44,8 

— 0,8 

Regitine 

0.0156 

45 

46.3 

- 1.3 

Regitine 

0.0161 

45 

50.1 

- 5-1 

Begitine 

0.0149 

19 

4l.O 

-22,0 

Regitine 

0,0159 

22 

48,6 

-26,6 

Begitine 

0.0159 

76 

48,6 

27.4 

Regitine 


I 

! 
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Table IX 
(continued.) 


1/At 

(msec"*) 

Pd 

(imn H^) 

P(calc) 
(mm Hg:) 

PH-P(calc) 
Tnun Hff) 

Conditions 

0.0185 

95 

68,3 

26.7 

LeTophed 

0.0172 

101 

58.4 

42.6 

Lerophed 

0.0233 

95 

104,6 

- 9.6 

Levophed 

0.0227 

93 

100.1 

- 7.1 

K'ormal 

0.0227 

100 

100,1 

- 0.1 

i:ormal 

0.0233 

100 

103.4 

- 8.4 

Kormal 

0.0250 

100 

117,5 

-17.5 

Normal 

0,0217 

78 

92.5 

-14.5 

Normal 

0.0217 

82 

92.5 

-10.5 

Normal 

0.0200 

83 

79.6 

3.^ 

Normal 

0,0139 

?2 

71.3 

0.7 

Hypovolumia 

0.0130 

47 

26,6 

20.4 

Hypovolumia 

0,0154 

39 

44,8 

- 5.8 

BypOTolumia 

0.0154 

40 

44.8 

- 4,8 

HypoTolumia 

0.0133 

25 

28.9 

- 3.9 


0.0137 

19 

31.9 

-12.9 

IlypoTolumia 

0.0137 

18 

31.9 

-13.9 

Hypovolumia 

0,014? 

15 

39.5 

-24.5 

Hypovolumia 

0,0154 

? 

44,3 

-37.3 

Hypovolumia 


6k 


Table X 


Femoral Diastolic Pressures and 
Oerot id—Feinor'’ 1 Onset Velocities fro^u Erciieriment II 


l/Ai _ 
(msec“^) 

(auu Ilg) 

P(calc) 
(r.im Ilg) 

Prt-P(calc) 
“(mm Ilg) 

Conditions 

0.0238 

106 

107.6 

- 1.6 

Kormal 

0.0232 

109 

102.4 

6,6 

Kormal 

0.0233 

111 

103.3 

7.7 

Kormal 

0.021? 

112 

39.5 

22.5 

Kormal 

0.0263 

120 

129.2 

^ 9.2 

LeTOplied 

0.0222 

134 

93.8 

40.2 

Levophed 

0.0263 

120 

129.2 

- 9.2 

Lerophed 

0.0333 

188 

189.7 

- 1,7 

Levophed 

0.0233 

111 

107.6 

3.4 

Kormal 

0.0222 

110 

93.8 

16,2 

Kormal 

0.0233 

105 

103.3 

1.7 

lauprel 

0.0208 

90 

81.7 

0 0 

Isuprel 

0.0179 

66 

56^6 

9.4 

Isuprel 

0.0175 

60 

53.2 

6.8 

Isuprel 

0.0179 

60 

5^.6 

3.4 

Isuprel 

0,0169 

48 

48.0 

0.0 

Isuprel 

0.0172 

46 

50,6 

- 4.6 

Isuprel 

0.0200 

37 

74.3 

12.2 

Isuprel 

0.0204 

97 

78.2 

18,7 

Kormal 

0.0208 

106 

81.7 

24,3 

Kormal 

0.0244 

108 

112.8 

- 4.8 

Kormal 

0.0250 

110 

118.0 

- 8.0 

Kormal 

0.0213 

80 

86.0 

- 6.0 

Normal 

0,0200 

65 

74.8 

- 9.8 

Regitine 

0.0167 

52 

46,3 

5.7 

Regitine 

0.0172 

49 

50.6 

- 1.6 

Regitine 

0.0159 

37 

39.4 

- 2.4 

Regitine 

0,0169 

4i 

48.0 

- 7,0 

Regitine 

0.0161 

37 

4l.l 

- 4.1 

Regitine 

0,0167 

35 

46.3 

- 11.3 

Regitine 

0,0152 

26 

33.3 

- 7.3 

Regitine 

0.0164 

32 

43.7 

-11,7 

Regitine 

0.0149 

23 

30.7 

- 7.7 

Regitine 

0.0143 

25 

25.6 

- 0,6 

Regitine 

0.0156 

30 

36.8 

- 6.8 

Regitine 

0.0154 

33 

35.1 

2.9 

Regitine 

0.0156 

39 

36.8 

2,2 

Regitine 

0.0161 

4o 

4l.l 

- 1.1 

Regitine 

0.0149 

21 

30.7 

- 9-7 

Regitine 

0,0159 

26 

39.4 

- 13.4 

Regitine 

0.0159 

61 

39-4 

21.6 

Regitine 
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Table X 
(cofitimied) 


1 /^-b „ 

(mm Hi?) 

P(calc) 
(mm IIi<) 

Pfl-P(calc) 
(iuni Hk) 

Gortdiisions 

0.0185 

77 

61.8 

15.2 

Korinal 

0,0172 

37 

50,6 

36.4 

Kormal 

0.0233 

94 

103.3 

- 9.2 

Normal 

0.0227 

90 

98.1 

- 8.1 

Normal 

0.0227 

95 

98.1 

- 3.1 

Lerophed 

0.0233 

95 

107.6 

- 12.6 

Levoplied 

0.0250 

102 

118.0 

-16.0 

Levoplied 

0.0217 

73 

39.5 

-16.5 

Normal 

0.0217 

72 

89.5 

-17.5 

Normal 

0.0200 

73 

74.8 

- 1.8 

Normal 

0.0189 

60 

65.3 

- 5.3 

Hypovolomia 

0,0130 

38 

143.2 

23.7 

Hypovoitunia 

0.0154 

32 

35.1 

3.1 

EypoTolmnia 

0,0154 

31 

35.1 

4.1 

IlypoTolumia 

0.0133 

20 

16.9 

3.9 

Hypovolumia 

0.0137 

16 

20.4 

- 4.4 

Hypovoitunia 

0.0137 

15 

20,4 

- 5.4 

J^povoitimia 

0.0147 

13 

29,0 

-16.0 

Hypovolamia 

0.0154 

5 

35.1 

-30.1 

HypoTOltimia 
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Table XI 


Femoral Tlias+.nlin Preaen-PRa and 
Carotid-Femoral Onset Velocities from Experiment III 


1 /At 

Pd 

?(calc) 

Pri-P(calc) 

Conditions 

(meec"i) 

(mm Hg) 

(mm Hg) 

(mm Hg) 


0.0161 

98 

87.8 

10.2 

Normal 

0.0167 

100 

95.0 

5.0 

Normal 

0.0200 

129 

134.5 

- 5.5 

LoTopiisd 

0.0204 

132 

139.3 

- 7.3 

Levoplied 

0.021? 

136 

154.8 

- 18.8 

Levophed 

0.0179 

120 

109.3 

10.7 

Lerophed 

0.0250 

174 

194.3 

-20.3 

Levophed 

0.0250 

174 

194.3 

-20.3 

Levophed 

0.0227 

150 

166.8 

-16.8 

Levophed 

0.0208 

160 

144.0 

16.0 

Lerophed 

0.0222 

144 

160.8 

-16,8 

Levophed 

0.0172 

112 

101,0 

11.0 

Levophed 

0.0185 

117 

116.5 

0.5 

Levophed 

0.0175 

106 

104.6 

1.4 

Levophed 

0,0164 

127 

91.4 

35.6 

Levophed 

0.0135 

121 

116,5 

4.5 

Levophed 

0.0217 

166 

154.8 

11.2 

LcvopZicd 

0.0217 

160 

154.3 

5.2 

Levophed 

0.0227 

191 

166.8 

24.2 

Levophed 

0,0154 

82 

79.4 

2,6 

Isuprel 

0.0160 

80 

86,6 

— 6,6 

Isuprel 

0.013? 

66 

59.1 

6.9 

Isuprel 

0.0130 

55 

50.7 

4.3 

Isuprel 

0.0132 

54 

53.1 

- 0.9 

Isuprel 

0.0118 

43 

36,4 

6,6 

Isuprel 

0.0118 

43 

36.4 

6.6 

Isuprel 

0,0121 

4 o 

39.9 

0.1 

Isuprel 

0,0122 

4 o 

4 l.l 

- 1.1 

Isuprel 

0.0122 

38 

4 l.l 

- 3.1 

Isuprel 

0.0122 

36 

41.1 

- 5.1 

Isuprel 

0.0123 

36 

42.3 

— 6*3 

Isuprel 

0.0154 

89 

79.4 

9.6 

Normal 

0.0149 

102 

73.4 

28.6 

Normal 

0,0154 

102 

79.4 

22.6 

Normal 

0,0119 

64 

37.6 

26.4 

Regitine 

0.0123 

4 ? 

42.3 

4.7 

Regitine 

0.0125 

45 

44.7 

0.3 

Regitine 

0.0123 

40 

42.3 

- 2.3 

Regitine 

0.0119 

35 

37.6 

- 2.6 

Hegitine 

0.0122 

28 

41.1 

-13.1 

Regitine 

0.0115 

26 

32.8 

- 6.8 

Regitine 

0.0118 

25 

36.4 

- 11.4 

Regitine 

0.0130 

55 

50.7 

4.3 

Regitine 
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Table XI 
(continued) 


1/At 


P(calc) 

(jiisec"-*-) 

(mni Hff) 

(ram Hsr) 

0.0143 

78 

66.3 

0.0152 

88 

77.0 

0,0132 

59 

53.1 

0,0119 

44 

37.6 

0.0100 

33 

14.3 

0,0111 

22 

28.0 

0,0102 

20 

17.2 

0,0122 

25 

4l.l 

0.0125 

19 

44.7 

0.0119 

20 

37.6 

0.0121 

15 

39.9 

0.0115 

18 

32.8 

0,0109 

18 

25.6 

0.0122 

17 

4l.l 

0.0115 

18 

32.8 


P(q-P(oalc) 
(mm He) 

Conditions 

11.7 

Kormal 

11.0 

Horraal 

5.9 

HTpoyolumia 

6.4 

Hypovoluraia 

IS . 2 

llypoTolumia 

- 6.0 

J^povoluraia 

2.8 

Hypovolumia 

- 16.1 

Hypovoluraia* 

- 25.7 

HypoToliiraia* 

- 17.6 

Hypoyolumia* 

- 24.9 

Hypovoluraia* 

- 14.8 

llypoYoluraia* 

- 7,6 

Il5T)OTolmnia* 

- 24,1 

Hypovoliuiiia* 

- 14.8 

Hypovoliimia* 


* Isuprel given during hypovoliunia 
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ABSTRACT 

Experiments are described in which diastolic blood pressure 
is found to be linearly related to arterial pulse wave velocity. 
The final e:oal of this study is to provide data on the feasibilty 
of utilizinir the relationship in a device to measure blood pressur 
non-invasively in eibulatory patients. It was found, by exper- 
iments on humans , that this relationship holds over a moderate 
rana:e of pressures in normal, young, males. The feasibility of 
using the second heart sound as a timing reference was explored, 
and discarded. 
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I. Introduction 

There are presently two cominon methods for neasurin^^ blood 
pressure: nhe common inairect or ausculatory mechod, and the 
direct method, via arterial puncture. The direct method involves 
directly couplin,°: an external pressure transducer to the arterial 
system via a fluid-filled cannula. The output of the pressure 
transducer is an electrical signal which, when appropriately 
calibrated, indicates instantaneous arterial pressure. 

The ausculatory method entails placing an inflatable cuff 
around a limb. The air bladder inside the cuff is attached to a 
pressure transducer. The cuff is first inflated to a pressure 
well above systolic pressure, thus completely occluding the artery 
throughout the cardiac cycle. As the cuff is slo’wly deflated, 
blood floi*f3 through the artery ivhenever arterial pressure exceed =5 
cuff pressure. As long as the blood flow is discontinuous , it is 
accompanied by Korotkoff sounds; a characteristic snapping of the 
artery. These Korotkoff sounds are used to signal systolic pres- 

Is, 

sure (evidenced by the first appearence of the sounds); and di- 
astolic pressure (evidenced by a .muffling of the sounds). 

Neither of these methods is suitable for long term use in 
ambulatory patients. The direct method, while providing beat 
to beat pressure, introduces the dangers inherent in placing a 
foreign object into the high pressure arterial system; ie. 
infection, hemorrhage, and thrombosis. 

The ausculatory method requires at least periodic occlusion 
of an artery, which is at best uncomfortable,’ and may cause damage 
to the limb used. It requires either a source of compressed air 


■OMSINAL IS 
OF POOR QUAlJira 


or r^qiAires the patient to periodically pump the cuff. The 
cyclical inflation aiid deflation of t:ie cuff ia o’en/ious to tlie 
patient, and may introduce pyscholpical factors which may not 
be eliminated. It would not indicate blood pressure on a beat 
to beat basis, and would tend to be bulky. 

The desire to develop a useful method for measuring blood 
pressure in ambulatory patients has led to a new approach. It 
is suggested that blood pressure is proportional to pulse wave 
velocity (Steele (193?), Bayett & Dreyer (1922), Hafkesbring ic 
Ashman (19^3), Sands (1924), Beyerholm (1925), Ky® (19^4), 

Haynes et al (193^) ). In this project we have reviev/ed both 
the theoretical and experimental basis for this theory, and tried 
to verify this relationship in humans. 
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II. Reviev/ of the Literature 

The flow of blood through an elastic artery may be thought 
of as the superposition of tv;o seperate f lovis ; the flov; of a 
pulse wave, and the mean of the steady state flow. The vel- 
ocity of the pulse v/ave is betv;een four and ten meters per sec- 
ond, while the mean flow is about .75 ni/s in the aorta to about 
.25 m/s in the carotid artery. As there is great fluctuation about 
this mean, the mean flow, which is small, but not negligible,,, 
may be'ignored (Bramvrell and Hill (1922}). Blood flovj through the 
arteries is modeled then as a pulsatile flov? through an elastic 
tube. 

The first vork relating pulse velocity through an elastic 
tube was done simultaneously and independently by Koens (1878) 
and Kortweig (I078). I-ioens, relying on experimental data, found 
that pulsatile blood flovj could be related to properties of 
the artery in the following manner: 

V =K(Ea/2wd)^ ( la) 

Where : 


v«velocity of the onset of the pulse 
wave 


(For derivation, see 
appendix A ) ’ 


Ss= Young’s modulous (raodulous of lateral 
expansion of the artery} 

w=density of the fluid 

d=diameter of the tube 

assthickness of the wall 

K=,9 to .95 


Kortweig performed a theoretical study and found: 


V- (Ea/2wd)2 


(lb) 


v;hich, ftxoiiDt for Hcens ' oonstnnt K, is identic-^l to la 


fpVM* n- nr» ^ o 

— - - ... -- - - -»■ - — w — -h ^ 


mnmr c* trn r%4* ■! rNv> ■ 


1) tha vessel is culindrical and has radial symmetry; 2) there 
is no longitudinal extension of the tube; 3) trie elastic wall is 
homooreneous ; 4) the amount the vrall is extended laterally is small 
5) Hooke's law applies to the vessel; 6) the thickness of the wall 
is small compared to the diameter of the tube; 7) the fluid is 
non - viscous (Horeman and Noorde^raff, (1958) ) • Are these 
assumptions valid? 

The first, while not strictly true, is a valid assumption 
(Horeman and Moorderraff (1958) ) ; although advanced cases of 


arteriolsclerosis do introduce larg;e amounts of tortuosity which 
cast coubt on this (Sands ( 1929 ) ). 

The second assumption causes a paradox in the initial 
equations; they have been solved assumini^ lonn;itudinal exten- 
sions. Taking loneritudinal extensions into account yields a 
correction term that is not larger than 5/^ of the total (Horeman 
and Koordgraff (1959), 

• The third has been found to be v^rong, but also found to 
contribute nee:ligible error (Hallock and Benson (1937) ); as 
has the fourth (Remington, et al (19^8) ). 

Hooke's Law definitely does not apply to an artery. (Hallock 
a^id Rnson (1937), Steele (1937), 3ramv;ell and Hill (1922) ). The 
deviation from Hooke's Law has been reported variously as a 
"hysteresis", 'elastic "aftqr action"'. Basically, arteries, 
if stretched quickly, tend to continue expanding slightly 
after all force has been removed. However, Hooke's Law does 
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hold ir the stretchinc; is thou/rhfc of as ^^oing from di*astolic 
pressure to systolic pressure; rather t?ian zero pressure to 
systolic pressure (ie, if the amount stretched is sm?,!!) {horeman 
and Noordgraff (1958)). 

Although not negligible in the small arteries, the thick- 
ness of the wall can be ignored in the larger arteries. (McDonald 
(I960)). 

Blood is definitely a viscous fluid, although the effect 
is larger in the smaller arteries. McDonald has found that the 
viscous property of blood tends to reduce its speed by 5 to 10;^; 
and attributes this fact to i^oens constant of ,9 to .95* (^''^’^JDonald 
(i960)). This is in qualitative agreement v/ith Wormsley, v/ho 
also took into account the viscous nature of blood (Bargainer, 

J. D. ( 1958 )). 

The I'^oens - Kortv/eig equation relates blood pulse velocity 
to several variables which are difficult, if not impossible to 
measure Jji vivo . A transformation of this formula was done 
(Bramtvell and Hill (1922) )in order to relate pulse vrave velocity 
to more easily measured properties. This transformation makes two 
simplifying assumptions; l)the distance traveled by the wave 
is short and 2) the waveform has no sharp discontinuities, there- 
fore, only the longer wavelengths must be considered. Both of 
these assumptions are reasonable, and the result; 

V = 3.5?|ciP/(dV/yJ}]^ (2) 

Where: 

V "Velocity of the blood pulse 
P "pressure in the artery 
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(For derivation, see 

appendix B). V = volume in a section of artery 

is accepted by most v^orkers. It allov^s one to use pressure 
volume curves derived experimentally to obtain pulse wave 
velocity as a function of prcL-'ure. Bramwell and Hill did this 
work for several discrete points using work done previously by 
Roy (1880), and found that above 80 mm Bg« pulse i^ave velocity 
was proportional to pressure. 

It is also possible to verify the Kortweig - Moens equation 
for the continuous case if one has a function relating the 
radicand in the Bramwell - Hill equation to pressure. Such a func- 
tion can be derived in the following manner: obtain a pressure / 

volume curve of an artery, (There are several such curves in the 
literature. Perphaps the most useful set can be found in Hallock 
and Benson ( 1937 ))* this study, an excised artery was filled 
with the minimum amount of saline solution needed to keep the 
artery normally distended. This initial volume, Vo, required a 
pressure of 7.3 nim Hg, The pressure was then slowly increased, 

2 ind the percentage change in volume, (as compared to Vo) (V-Vo)/Vo, 
is plotted against prsiisure. An example of a pressure - volume 
curve is shown in Fig, la. One then finds the derivative of the 
line with respect to pressure to obtain (dV/VoJ^P vs. P, This 
is done by finding the tangent to the line. If this is done for 
several points, and the inverse of the tangents are plotted versus 
pressure, one obtains a new curve (shown in figure lb). This new 
curve, which is the best fit of a quadratic equation, represents 
dP/(dV/Vo)as a function of pressure. This parabola has the 
equation; 
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2 


dP/{d7/Vo) = (2.53^10 }? -d.::' ;cl0 )? - ,11 (3fi) 


which is approximately 


dP/(dV/7o) = (1.59x10 r - ,3) 


(3b) 


By substituting Equation 3b into Sauation 2, one obtains: 

-2 

V = 5.67x10 P.- 1.17 


ifhich suggests a linear relationship betvFeen blood pressure and 


pulse v/avs velocity. 


There are several different blood pressures which are in 


common’ use age; diastolic, systolic, mean, and pulse. There is 
some question in the literature as to which one of these corres- 
ponds to the pressure in the Bramvre 11-Hill equation, {eq. 2). 


Pulse vrave velocity has been variously reported as being pro- 


portional to: T) diastolic blood pressure (Bteele (1937) ); 2) 
either diastolic or mean pressure (Bayett ^ Dreyer (1922) ); 

3) both diastolic and systolic blood pressure in women; neither 
diastolic nor systolic pressure in men (Hafkesbring a Ashman (19^3) ); 

4) diastolic blood pressure in healthy subjects, nothing ii. 
patients v/ith heart or circulation difficulties (Sands (.,192^) ); 

5) systolic blood pressure (Bcyerholm (1925) ); 6) mean blood 
pressure (Mye (1964) ); and 7) pulse pressure (Haynes, Ellis, 


& Weiss C 1936 ) ). The fact that mean pressure and pulse pres- 


sure are proportional to both diastolic and systolic pressures, 


and a rise in one is usually accompanied by a rise in the other 


three, makes it difficult to decide on v;hich pressure, if any, 
is the best determinant of pulse vrave velocity: this is probably 


a major reason for the inconclusiveness of the literature. 
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III, Experimental '.Vork 
A, Objectives 

The final goal of our gz^oup is the development of a device 
to measure diastolic blood pressure. The device should be both 
non-invasive , and easily adaptable for use on ambulatory patients. 

It will utilize the supposed fact that diastolic blood pressure 
is monotonically related to pulse v;ave velocity. Although 
there has been much work done on the relationship between blood 
pressure and pulse v;ave velocity, it has been inconclusive. Pre- 
vious work done in our group has verified a linear relationship 
in degs (La Bresh (1970) ); the question new becomes: does it 
hold for humans? 

To measure pulse wave velocity, one needs to measure the 
time difference between the arrival of a single pulse at tv/o 
separate points in the elastic arterial system. One can also 

i 

determine pulse velocity by measuring the ti:ne between onset of 
ejection of blood from the heart and the arrival of a pulse at a 
single point. It has been shown that the EGG is useless for pre- 
dicting the time of ejection of blood into the aorta, due to the 
large variability int, the time interval between ^ wave and pres- 
sure onset in the aorta (LaBresh (1970)). It has been suggested 
that the second heart sound (signaling closure of the semilunar 
valve (Lewis (1962) )might c-;. "relate better with onset of ejection. 
So in addition to verifying the relationship of pulse zvave vel- 
ocity to diastolic blood pressure, we wished to ascertain whether 
there was a correlation between blood pressure and the time 
between the onset of the second heart sound and the arrival of 


a pulse at a particular point. 


B. Methods 


The follovt'inp' apparatus, desi^:;n-d to dececc ana record sev- 
eral pysiolofric?il si, finals, was acssmblcd, The entire systcui is 
shown in. Pip:. 2. 

A pair of piezo-electric transducers (see Pigs, 3a & 
were used to detect arterial pulses in the carotid anu femoral 
arteries. A change of pressure is applied to the device by means 
of a pliable plastic membrane stretched across a hollow disc. 

This disk, termed a Marey’s capsule (Elema-ochnonder model EMT 521) 
is connected to a length of tygon tubing. The tubing serves to 
transmit the changes of pressure to the crystal transducer (EMT 
510C). The tr^n5ducer consists of a hollow cylinder, the inner 
wall of ivhich is a metal membrane. The signal from the Marey's 
capsule enters 'che cylinder through a small orifice. The change 
in pressure causes movement of the metal membrane, which imparts 
movement to a piezo-electric crystal which is coupled to the mem- 
brane, Thus the electrical output is proportional to the change 
in pressure on the Mare?v‘s capsule. The manufacturer specifies 
the frequency response of these transducers as flat to 30 Hz, 

(Two other methods for detecting blood pulses were looked 
into and discarded. It was orir^inally . proposed to use trans- 
cutaneous Doppler flowmeters in this experiment. They conform 
to many of the requirements of the ultimate blood pressure de- 
vice sought by our group, jirid have been used in many applications 
requireing detection of blood flow. Unfortunately, the two in- 
struments available to us were not sophisticated enough for our 
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Fig* 3a Elema-Schnonder crystal transducer and Marey's capsule 
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purposes , and v?ere disca.rcied. 

It was also found to be possible to detect pulses by placin;^ 
an inflated air bladder over an artery, and applyin.: slight dov^n- 
ward pressure. The bladder is compressed as a blood pulse ap- 
plies pressure upward through the skin. A pressure transducer can 
detect the pulse wave if attached to the bladder via a tube. 
Hov/sver, this method was not as simple to use as the £iiT equip- 
ment previously described,) 

Heart sounds 'were detected by a sensitive microphone de- 
signed for this purpose (EHT 253). It v/as secured by a rubber 
strap over the apex. The frequency response of the microphone is 
governed by a filter network that must be used with the micro- 
phone. (EMT 22 )r As the second hearL sound is primarily high 
frequency sound, the filter network v/as cet to a center fre- 
quency of 400 hi’, with 6 db points at 200 and 800 Kz, This 
setting served to accentuate the second heart sound. 

One channel of scalar EGG 'was obtained by placing electrodes 
on all four limbs. Amplification for the EGG signals, heart 
sounds, and pulse pickups was supplied by SHT 13 amplifiers. The 
output of all four channels was at a nominal level of 100 mv. 

Arterial blood pressure 'was measured by a catheter inserted 
into the brachial artery. Its’ inner diameter v/a.s .045" and 
outer diameter was .062", The tubins: was partially filled v/ith 
sterile saline solution to act as a buffer, and was coupled to 
a Stathani model P23Gb strain guage pressure transducer. A 
Sanborn 350-11003 carrier amplifier v/as used to amplify the sig- 
'nal to its ’ maximum level of 27, which was set to correspond to 
a pressure of 200 mm Hg. As the Sanborn amplifier had its 3db 



point at 4'"'0 Hz» the frequency response of the pressure neasurin.q 
sub-system was limited by the transducer, which is flat to 50 Hz. 

All five channels of data v/ere recorded simultaneously on 
both a Brush model 260 chart recorder, and a Sanborn model 3907A 
7 chanoiel analog magnetic F.”. tape recorder. All channels except 
arterial pressure required approximately 25 db of additional 
amplification prior to being recorded on t'^e tape recorder. This 
was supplied by 4 Fairchild ?4l operational amplifiers. The 
Brush recorder has a full scale frequency response of 50 Hz, 
and the tape recorder v;as flat i Idb 625 Hz. 

Five subjects were connected to the above s.ystem. They were 
all males between the ames of 18 and 23 , and were not known to 
have any cardiovascular disease. Their blood pressure was varied 
by several means. Their blood pressure vms raised by isometric 
contraction of one arm. This was accomplished by having the sub- 
jects squeeze a hand grip dynamometer; a device vjhich measures 
the force applied by gripping its handle. The literature 
implied that this might raise pressure by about 15 Hg (Kurvjitz, 
et al (1971) ). It was lowered by both the inhalation of amyl 
nitrite, a vaao— dilator ;; and by performing a valsalva maneuver 
(a straining of the thoracic muscles coupled v/ith closing the 
glottis ) . 

The Karey's capsules v;are placed over the femoral and caro- 
tid arteries in order to obtain pulse transit times in the aorta. 
The two pulse transducers were connected to their respective 
Karey's capsules via identical lengths of tubing. It was verified 
that the crystal transducers do not introduce a time difference 
by themselves by tapping the tv/o Marey's capsules together, and 


22 


observin'^ sinultani^ous outputs. 

C. He suits 

As shown in Pipr. 4a, a sig-nal proportional to brachial 
arterial blood pressure was obtainable via the catheter. Slood 
pressure vras readable to an accuracy of 2 mm Hr. 

After the second experiment, it was decided to use lead III 
(left arm-left leg) of HCG to minimize muscle noise during iso- 
metric contraction of the right arm, Por timinr purposes , it vjas 
decided to use the minimum in the slHS complex, identified in the 
figure with an (a). 

As shown in Fig, 4c, a good heart sound signal v;as obtained. 
The first heart sound is defined as the first complex occuring 
after the QRS complex in the EGG; and the second heart sound is 
the second complex after the QH3, The beginnings of the various 
heart sounds were defined as being the first large negative going 
pulse in the complex. In Pig, 4c, the beginning of the first 
heart sound is identified v;ith a (b) ; and the second heart sound 
has its beginning marked with a (c). 

As shown in Pigs 4d and 4e, good pulse v;aveforms vxers ob- 
tained at both the femoral and carotid locations. It vras found, 
as vras expected, that the pulse tends to be distorted as it 
travels further away from the heart, due to different parts of the 
wave traveling with different velocities. This is assumed to be 
due to the different pressures that the different parts of the 
wave ’’see". In addition, the foot of the wave *sees* a harder 
wall, due to the viscous resistance to expansion seen in arteries; 
as the tail sees a softer wall, due to a viscous interference 
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4d - 
4e -■ 

4f - 


a rcpr^Gcnts the point in tiie <cno complex used for 
timing purposes 

b represents the beginning of the first heart sound 
c represents the beginning of the second heart sound 
d represents femoral oulsc onset 


e represents 
f represents 

1 represents 

2 represents 

3 represents 

4 represents 

5 represents 


carotid pulse onset 
dicrotic notch 
time difference 
time difference 
time difference 
time difference ^t^ 
time difference 
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with recoil (HJiniilton, Heminc^ton, "c Dow (19^5) ). It seems log- 
ical that the portion of the wave most related to diastolic blood 
pressure v;ould be the onset, for this is the part of the wave 
that "sees" the diastolic pressure as it propagates down the art- 
ery. Thus, the onsets of the pulse pressure v/aves were used in 
determining transmission times. 

It was important that consistancy be maintained when de- 
fining ivhere on the wave the onset was. To this end, it was de- 
cided arbitrarily that the onset be defined as that point at which 

o 

the tangent to the curve forms an angle of 45 with the horizontal. 

If a length of the curve possesed a slope of -1 (such that it 

o 

would make an angle of 45 v;ith the horizontal), the midpoint of 
that section was defined as the onset. Once onsets v:ere defined 
(as identified with (d) in Pigs. 4d and 4-e), transmission times ^ 

vjere measured to an accuracy of 4 msec. It is impossible to deter- 
mine the magnitude of the errors introduced by definition or 
determination of onset. 

It was found possible to raise diastolic blood pressure by 
as much as 40 mm Kg by means of isometric contraction of one arm. 

( 

I 

Examples of arterial .blood pressure during contraction are shovm i 

! 

in Pigs. 5a and 5b. The discrepancy between this result and pub- 

! 

lished reports that isometric contraction can raise blood pressure 

in healthy subjects by an average of 12 ram Hg (Kurwithz, et al ■ 

(1971) ) is explained by the fact that our subjects exerted 

maximal effort for as long as possible, while Hurv/itz prescribed 

1/3 maximal effort for 3 minutes. The one problem with maximum % 

effort is that it produced bodily movement in some subjects, . 

jarring the crystal transducers. j 
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Pies 6 a & 6b Brachial Arterial Pressure during /alsalva 
* * Maneuver. Onset and Offset of .Straining noted 

by arrow. 







Valsalva maiiouver-s vjepe effoctivs in lowering blood pres- 
sure by as much as 30 mm Eg, However, ’the drop in pressure is 
short lived, and the bodily movement needed to carry out a man- 
ouver was invariably accompanied by tissue movements of suf- 
ficient magnitude to cause the transducers to lose their signal; 
particularly in the femoral area. Thus, the valsalva maneuver 
was unsucessful as a method to lower blood pressure in the ex- 

I 

perimeri; Examples of blood pressure during valsalva raanouver are 
shoi-m in Pigs, 6a and 6b, 

Atnyl Nitrite (v/hose effect on blood pressure is shown in 
Figs 7a and 7h) is a vaso dilator which was found useful in lovf- 
ering diastolic blood pressure as much as 35 mm Eg due to one in- 
halation. 

The time delay betv;een the onset of the carotid pulse and 
the onset of the corresponding femoral pulse is defined asc 

(see Fig, ^f). The inverse of this transmission time is pro- 
portional to velocity, thus ^t^ provides one with the means: of 
determining if pulse wave velocity is proportional to diastolic 
blood pressure. Graphs were made of the inverse of ^t-j^ versus 
diastolic blood pressure for all five subjects . (Figs , 8,10,1^, . 
18,22), Hsing the method of least squares, lines ware drawn 
representing the 'best-fit* line of the data. The sample devia- 
tion was also calculated, and is shown along with the equatidri 
of each graph on the figures. The almost linear relationship, 
as predicted by several authors (Steele (1937)^ Bayett # % 

(1922) ) is apparent, 

, From an- engiheering standpoint, it would be desirable to 
eliminate one of the crystal transducers and 
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Firs 7a & 7b Brachial Arterial Pressure during Inhalation 

of Amyl Nitrite, Moment of inhalation is noted 
by arro’.v 


Fi^s. S thrcuf::h 27 

is the time interval between carotid pulse onset and the 

t 

corresponding femoral pulse onset. 

A^2 the time interval between the beginning of the first heart 
sound and the beginning of the second heart sound 
^t^ is the time interval between the most negative point of the 
QHS complex, and the beginning of the first heart sound 
is the time interval between the beginning of the first heart 
sound and the onset of the corresponding carotid pulse 
^t^ is the time interval between carotid onset and dicrotic notch 
points taken ’uider normal conditions 
= points taken vihile the subject was isometrically contracting 
one arm 

* y points taken while the subject was under the influence of 
Amyl Nit rive 

Pressure represents brachial arterial blood pressure 
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^ata taken from Experiment 1 
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Pig. 10 1/a.^t plotted against pressure 

Data taken from Exocriraent 2 
Best-fit line: P - 5.78(l/^t3^) - 11.4 
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Plff. 14 1/^t]^ plotted against pressure 

Data taken from Experiment 3 
Best-fit line: P = 5.90(i/^t3^) - 12.29; s » 3. 
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Pig. 20 plotted against pressure 

Data taken from Experiment 4 
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Pig.- 21 plotted against pressure 

Data taken from Experiment 4 
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Pig. '22 plotted against pressure 

Data taken from Experiment 5 
Best-fit line: P =' 10.94(l/_tT ) 
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as thft inverse of th^ tiiue delay b*jtween one arterial TJulse 'ir.d 
the ejection of blood from the heart, as signaled by an easily 
obtained physiologicol signal. To this end. the f-moral pulse- 
second heart sound time delay was measured^ as it was thought 
that the second heart sound vrould predict ejection. The inverse 
of this time was plotted against pressure, 3y comparison with 
^tj^, no comparable linear relationship 'v^'as observed. 

To understand why the second heart sound - femoral arterial 
pulse delay did not work, a knowledge of the sequence of events 
prior to and during ejection of blood from the left ventricle is 
required. Briefly, the first event is the electrical depolar- 
ization of tne ventricle. This is marked by the 4HS complex in 
the EGG. After this, the ventricle starts to contract. When 
pressure in the ventricle rises above tht pressure in the atrium, 
the AV valve closes. This is signaled by the first heart sound. 
The ventricle continues to contract; no blood is ejected, as the 
aortic valve is closed. VJhen ventricular pressure rises above 
aortic pressure, the aortic valve opens, and blood is ejected. 
Ejection continues until ventricular pressure falls below aortic 
pressure (due to the halt of contraction), at which point the 
aortic valve closes, causing the second heart sound. Closure 
of the aortic valve is also marked by the dicrotic notch in the 
blood pulse wave. 

The event that would be of use in measuring blood pressure 
via the inverse of transmisAion time method is the beginning 
of ejection of blood from the ventricle. The time difference 
between ejection of blood and the onset of a blood pulse vfould 
clearly be the inverse of velocity. Unfortunately, there is no 
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physiolor:ical sicrr.al markin,?: trv? opening of the aortic valve. 
However, if there is a constant tis:e interval betv;ccn aortic valve 
opening and some other event, then that second event can signal 
ejection of blood from t;ie heart. 

In order to explore the various time relationships be- 
tween the several events, a group of time differences was defined, 
as shown in B’ig, 4f, 

jjtg is the time difference between first and second heart 
sounds. This represents the time between the closing of the AV 
valve, and the closing of the aortic valve. As such, it consists 
of two components; isc^raetric contraction, and ejection of blood 
from the heart, 

^t^ is the difference between a fixed point in the QHS 
complex, and the first heart sound. It denotes the electro- 
mechanical delay between electrical depolarization of the heart 
and onset of ventricular pressure. 

is defined ar the time difference between the first 
heart sound and the onset of the carotid pulse. As such, it gives 
a rough indication of isometric contraction time, (Exactly, it 
represents isometric contraction time and transmission time be- 
tween the heart and the carotid artery. However, the entire aortic 
transmission time, as defined by _tj^, is on the order of 30 
msec, with a total range of i 20 msec. The distance betv/een the 
heart and the carotid artery is about 1/5 the carotid - femoral 
distance, thus the delay due to the carotid is about 15-20 msec, 
with a total variance of only - 5 msec. Thus the error introduced 
by transmission through the carotid artery is small.) 

is defined as the time between carotid onset and oc- 
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cur<?nce of the dicrotic notch (for location of dicrotic notch, 
u sec Pip, 4e,). This represents the total time of ejection of 
blood fron the heart. Unfortunately, the dicrotic notch vras 
not visible when the subjects were under the influence of Arayl 
Nitrite. If one subtracts ^t^ from difference is equal 

to isometric contraction time. 

Graphs of ^t^ versus pressure were made for all subjects, 
and are whown in Pigs. 9, 12, 16, 20, 24. Graphs of both 
and viere made for all experiments except the first, where 
poor quality of the heart sounds prevented accurate analysis. 

These are shovm in Pigs. 11, 15, 19, 23, and Pigs 13, 17, 21, 

25. ^or the last experiment is shown in Pig. 26, and _t 2 ~_t^ 

is shown in Pig. 27. 

( ) As seen in the graphs of ^t^, the electromechanical delay 

was relatively constant, v;ith a range of usually no more than 
20 msec. 

The graphs of 1^2 ^ wide range of time differences. 

X 

The span of delays is on the order of 80 msec, which is comparable 
to the total transmission time in the aorta. 

As seen in the graphs of the isometric contraction 

period also pos esses a wide variability in measured times; on 
the order of 40 msec. 

(Both ^2 show a similar elbow shape. This is 

thought to be due to an interaction of two factors. Increased 
pressure is accompanied by an increase in volume, therefore, 
contraction takes longer. In ooposition to this, increased pres- 

( ‘ 

sure leads to increased contractility, which causes quicker con- 
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traction time. This increase in contractility is non linear, an.i 
increases most rapidly in a middle range of pressures. Thus at 
lo\<i pressures, th'' first effect is dominant, and the time delays 
increase with increasing pressure. At higher pressures, the 
contractility increases, and the time delays decrease with cin 
increase in pressure. 

The one graph of ^t^ (T*ig. 26), shov/s a clear decrease of 
time delay i^ith an increase of pressure. The graph of 
shows an increase of delay with increasing pressure, Hov;ever, the 
rise is not too clear cut. 

Analj/sis of the above shov;s v;hy the r.econd heart sound 
cannot be used. The time difference between opening of the aortic 
valve and its closing is not constant. This is shown both by the 
single graph of ^t^, and by noting that the spread of values in 
^t 2 is only partly accounted for by the ^.pread of values in ^t^. 
Thus there is a clear variability in ejection time. 

Although there is a fairly constant delay between EGG and 
closing of the AV valve, the spread of values in isometric 
contraction period make the '^RS complex useless as a predictor 
of ejection of blood from the heart. This finding agrees with . 
the findings of LaSresh (1970), 





IV. Discussion 


It has been shown that diastolic blood pressure is closely- 
related to arterial pulse v/ave velocity in normal male subjects. 

The relationship holds over a range of pressure of about 50 nra 
Hg, It has also been shown that neither first heart sound, 

nor second heart sound is a useful estimator for ejection of 
blood into the aorta. 

The sample deviations for the lines drawn showing the almost 
linear relationship bet’ween pulse v/ave velocity and diastolic 
blood pressure are 7.6?i 7.2, 6.62, ^.9i and 3.^5. This implies 
that a pressure measuring device utilizing this relationship 
would, in the worst case, read within t 15.3 ^ra Hg 99^ of the time, 
and within - 7.^7 nun Hg 67^ of the time. In the best case, the 
device would rerd within i 6,9 mm Hg 99!^ of the time, and read 
within - 3.^5 mm Hg 67)t of the time. 

It is possible that the best. fit for the data is a curved 
line of some sort; perhaps an "s" shape. If true, then much 
better accuracy could be obtained, 

The inaccuracies inherent in processing the data should be 
mentioned. It is unclear as to v/hether the criteria ol defining 

onsets as being the first point posessing a slope of -1 is just- 

ified, V/hile this criteria supplies consistant onsets for ident- 
ical v/aveforms, it is probably not totally accurate for differing 
waveforms. It is possible that a large per cent of the error is 

due to inaccurate definition of onsets. It has been suggested 

that onsets be defined as the first point before the pulse 
that has a slope of 0, However, some waveforms show a large • 
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lenp:th of nontly sloping points prion to fcho pulse, I doubt ' 
if the second criteria would be accurate in these cases. 

As it has been shown that velocity is a good predictor of 
diastolic blood pressure, the groundwork for a device to measure 
blood pressure non-invasively in ambulatory patients is partly 
done. The device would consist of two transducers to detect 
the arrival of pulses, and suitable electronics to detect the on- 
sets and compute the inverse of transmission time. 

Every person should have a unique? linear relationship 
between diastolic blood pressure and pulse wave velocity. The 
slope and intercept of this relationship would probably stay 
constant over a long span of time, as it is a function of art- 
erial length and condition, 

Xi/ith the above fact, the use of the device would be simple. 
After determination of a person's unique relationship (This 
could most easily be done by measuring transmission times at 
two different pressures. These two points viould define the 
equation of the line relating the inverse of transmission time 
(velocity) to diastolic blood pressure for that patient.) the 
device would be attached to the patient. The record of trans- 
mission times viould specify diastolic blood pressiTr'*. 

V/ith this scheme in mind, there are tvio channels still 
open for investigation, 

1. The development of a suitable ambulatory transducer to 
easily detect arterial blood pulses, 

2, A continuation of my study to see if the r»res 5 ure/velocity 
relationship holds over a wider range of both pressure and patient 
condition. Specifically, people with diseases of the arteries, 


those most likely to use such a device, may not exhibit the 
usual relationship. This may be due to a tortuosity of the vessels 
(Sands (1924') ), 




Appendix A 

iraf*"? nvi rvf’ 4-Vi/fc TTr\vi4-T,TA4 = * .- ^ i-.T; r*i 

i-- -i* ^ h>e«ii^X^ i^V£LACLL»XUXi \ XlctI UtUi^ 

Consider a visco - elastic tube, radius r, cross - sectional area 
Sij vjidth a (fig. 1) Vlhen a pulse passes through the tube, the 
radius changes, as does the area; 

r = r(z,t) 

Q = Q(z,t) 



la 


lb 


Consider a small element of volume, a small disk of thickness 
ds. If P is the pressure in the tube, the force On the disk is; 

dj^“ -(QP)zj.d 2 (aP)z = -(3(a?)/52)dz 1 

d^ = -Q(?f/c) 2 }d 2 - ?;^>'4/3s)dz 

Since lateral extension is assumed to be small compared to r, 
dQ/Q and dQ/dz are small: 

djg-r -Q(5P,&:)dz 
The mass of the disk dm « w^dz (v;= density). As P= ma: 

wO^Z;^t^) - -(5^?/Oz) 2 

Plow volume is defined as ^ = q(dz/dt): 

= -(Q/w) 0?/c?z) ^ 3 

Prom continuity, the intake volume minus the cutout volume equals 
the increase of volume of the disk: 

Define radial current 

iyz,t) = (cJy3'z)dz = -3^ Zf 

(dr/dt)2Trrdz 5 

Prom Hooke *h. Law: 

2nfdr/2Trr = (l/Eadz)d(T)dz 6 

Prom Laplace *s Law for a cylinder T - Pr, inhere P = pressure 

2ndr/27rr = Cl/Eadz)d(Pr)dz 


6c 


dr/r ^ (l/Hfi) (‘Fdr rd?) 

As lateral extension is assun ecl to htj ,5 nail 00 to r, 

t 

Pdr-i?:rdP 

dP =(Ea/p2)dr 

Differentiate equation 6c, with respect to t, and combing equations 


4 and 5 


-0P/at)= (Ea/2irr3)(33^Sz) 


Differentiate equation 7 v?ith respect to z 

-e2p^at = ^ 


Ea 


+§Jz- ■) 7 


Since r/z is small: 

-©VatSfe) : 

Differentiate equation 3 vjith respect to z twice: 

Differentiate equation ?b with respect to 2 : 

-(cPp/JtSz2) = (Ea/2nr3J03^53s) 
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Combine equations 8 and 9 

(Q/w)O^P/5^z^) = (2Fr/EaMd^P/S>t2) 10 

^2p/bt2 r (Sa/2rw) (c>^?/lc?z2) 10a 

Equation IQa is the characteristic wave equation, vjhich’=- defines 

Y - (Ea/2rw)^ li 

Equation 11 is the Kortv/eig equation. 


Appeiidix 3 

Derivation of Rraniv/ell - Hill Equation (La Bresh (1970)) 

Define a length of elastic tube of thichness a, radius r, 
and length ds, with an applied tension per unit length T (Fig la). 
Unroll the tube to define a sheet of height vxidth dz, length 
1=2 r and cross - sectional area adz, l?hs tension is as shoirai in 
Pig. Ih 



The Kortweig equation is: 

V ~ (Ba/2wr)^ 1 

^pply Hook*s law to the sheet: 

dl/1 = (l/Ba)dTdz 2 

As A = adz and 1 - 2 r: 


dr/r = (l/Sadz)dTdz = dt/Ea 2a 
Laplace’s Law for a cylinder states Pr -T; P pressure*^ 

dr/r = (1/Ea)d(pr) - (l/Sa) (rd? 4 Pdr) 2h 
Since the amount the viall is extended laterally is assumed to be 
small j Pdr rcP: 


dr/r - (l/Ea)(rdP) 


dP - (Ea/r^)dr 


IntroduGe volume per unit length: 

V = TTr^ 


■'©yy^r 

dV/d? 

ORIGMAU PAGB lSv 
OE^OORQUAIOT ' 



2o 

2d 

S': 


CombinJ! equations 2c j 3a-» and 4: 

2,3 

dV/dP = 2¥i'(r /Ea) = 2Fr /Ea 
Combine equations 3 and $: 

d//dP = 2Vr/Ea 
Combine equations 1 and 6; 

V - (V/wdV/dP)) 

As w s 1.055: 

V = 3.57(V/{dV/dP)) 

V = 3.57(dP/fdV/v}) 

Where : 


V = velocity in meters per second 
P = pressure in mm Hg 


V =! Volume in ml 


Appendix C 

Tables of Experimental Data 

Tbs follovjin^ data were us^>d to construct the curves In 
Figures 8 throue:h 2?. d?his data includes: 1) P - brachial art- 
erial blood pressure; 2) ^t^^ - the time difference between 
carotid pulse onset and femoral pulse onset;,. 3) - the 

time difference bctv^een the first and second heart sounds; 
i}") - the time difference between EGG and first heart sound; 

5) - the time difference between first heart sound and carotid 

onset; and 6) ^t^ « the time difference between carotid onset and 
dicrotic notch. 

Induced changes in blood pressure are noted in the final 
column. Normal indicates no induced change. Amyl Nitrite in- 
dicates inhalation of Amyl Nitrite, and Isometric indicates 
isometric contraction of one arm. 


Transmission 


Tables I 

^ v>4^ 4 « "J ^ vi*i n 

« t.Wk ^WA 

from Experiment; I 


p 

Ati 


Conditions 

67 

80.0 

97.6 

Hormal 

65 

82.4 

95.2 

Korisal 

66 

80.8 

84.8 

Nornial 

67 

82.4 

91.2 

Mormal 

69 

80.0 

91.2 

Normal 

69 

78.4 

89.6 

Normal 

.68 

76.8 

80.0 

Normal 

59 

74.4 

104,0 

Amyl Kiti’ite 

51 

80.0 

93.6 

Amyl Niti'itc 

51 

84.0 

89.6 

AmZJ^l Nitiite 

50 

94.4 

84.0 

Amyl Nitrite 

50 

96,8 

80.0 

Amyl Nitrite 

49 

98.4 

87,2 

Amyl Nitrite 

48 

93.6 

84,0 

Amyl Nitrite 

46 

92.0 

83.2 

Amyl Nitrite 

45 

96.0 

83.2 

Amyl Nitrite 

44 

95.3 

86.4 

Amyl Nitrite 

43 

98,0 

80.0 

Amyl Nitrite 

43 

98.0 

88.8 

Amyl Nitrite 

41 

98.0 

90.0 

Amyl Nitrite 

4o 

99.6 

89.6 

Amyl Nitrite 

40t 

100.4 

90.0 

Amyl Nitrite 

40 

96.8 

80.0 

Amyl Nitrite 

40 

96.8 

90.0 

Amyl Nitrite 

42 

99.6 

76,8 

Amyl Nitrite 

55 

84.8 

89.6 

Amyl Nitrite 

64 

76.0 

90.8 

Normal 

63 

75.2 

39.6 

Normal 

62 

77.8 

84.0 

Normal 

73 

72.0 

88.8 

Isometric 

79 

69,6 

95.2 

Isometric 

79 

68.0 

84.0 

Isometric 

80 

76.0 

88.3 

Isometric 

81 .. 

66.4 

76,0 

Isometric 

80 

69.6 

95.2 

Isometric 

80 

68.0 

84.0 

Isometric 

82 

71.2 

91.2 

Isometric 

83 

64.8 

91.2 

Isometric 

85 

68,0 

87.2 

Isometric 

98 

64,8 

77.6 

Isometric 


Table II 


Transmission Times and Brachial Arterial Blood Pressures 
from Experiment II 


p 


A^2 

At^ 


Conditions 

90 

62.4 

259,2 

28.0 

49.6 

Isometric 

90 

60.0 

259.2 

30,4 

52.8 

Isometric 

91 

58.4 

256.0 

39.2 

52.0 

Isometric 

92 

61.6 

257.6 

30.4 

51.2 

Isometric 

91 

61.6 

262,4 

30.4 

49.6 

Isometric 

90 

62,4 

264.8 

33,6 

53,6 

Isometric 

90 

57.6 

268,0 

32.0 

49.6 

Isometric 

86 

62.4 

257.6 

36.0 

49.6 

Isometric 

87 

64.0 

260.8 

24.0 

52.0 

Isometric 

^9 

90.4 

235,4 

25.6 

49.6 

Amyl Nitrite 

48 

90.4 

230.4 

28.0 

43.8 

Amyl Nitrite 

4 ? 

95.2 

229.6 

28.0 

49.6 

Amyl Nitrite 

50 

92.0 

225.6 

32.8 

40.0 

Amyl Nitrite 

51 

94.4 

240.0 

32.0 

40.0 

Amyl Nitrite 

49 

96.0 

236.0 

35.2 

44.5 

Amyl Nitrite 

49 

95.2 

230.0 

40.0 

40.0 

Amyl Nitrite 


93.6 

248,0 

30.4 

41.6 

Amyl Nitrite 

56 

89.6 

254,4 

32,0 

51,2 

Amyl Nitrite 

57 

90.4 

257.6 

35.2 

46,4 

Amyl Nitrite 

58 

84,0 

268.0 

30,4 

52.8 

Amyl Nitrite 

60 

73.4 

261,6 

33,6 

56.0 

Amyl Nitrite 

62 

76.8 

269.6 

31.8 

63.2 

Amyl Nitrite 

64 

72.8 

273.6 

28.0 

66.4 

Amyl Nitrite 


76.8 

274.4 

28.8 

63-2 

Amyl Nitrite 

66 

64.8 

280.0 

33.6 

59.2 

Amyl Nitrite 

68 

72.8 

284.0 

40.0 

71.2 

Normal 

70 

72.0 

290.4 

27.4 

65.8 

Normal 

72 

67.2 

290.4 

24.0 

69.8 

Normal. 

72 

72 ^ 0 __ 

296 . 8 

35.2 

73.6 

Normal 

65 

73.6 

284. 0 

40.0 

66.6 

Normal 

65 

72.0 

290.4 

25.6 

71,6 

Normal 

74 

69.8 

292.2 

31.8 

76.8 

Normal 

80 

63.2 

324,0 

28.0 

80.0 

Normal 

79 

64.0 

320.0 

35.2 

80,0 

Normal 


Table III 


Transmission Times and Brachial Arterial J^lood Pressures 
from Experiment XII 


p 

At^ 

Atg 

At^ 


Conditions 

60 

80.0 

290,4 

25,6 

71.2 

Amyl Nitrite 

55 

93.6 

292.0 

24.0 

88.8 

Amyl Nitrite 

52 

84.8 

304.0 

27.2 

101. 6 

Arayl Nitrite 

50 

92.8 

304.0 

31-2 

89.6 

Amyl rli trite 


97.6 

328.0 

22,4 

56.0 

Amyl Nitrite 

43 

92.8 

340,0 

27.2 

101.6 

Amyl Nitrite 

47* 

97.6 

296.0 

25.6 

86.4 

Amyl Nitrite 

50 

90.4 

320.0 

26,4 

70.4 

Arayl Nitrite 

68 

76.8 

357-6 

12.3 

73.6 

Normal 

69 

74.4 

357.6 

14.4 

76.0 

Normal 

67 

76,0 

351.2 

12.8 

85.6 

Normal^ 

67 

72,8 

360,0 

14.4 

84,0 

Normal 

68 

76,0 

354.4 

12. S 

84.0 

Normal 

67 

70,2 

363.2 

15.2 

75.3 

i'.'ormal 

51 

01,2 

316,0 

25.6 

77.6 

yl Nitrite 

51 

94,4 

314.4 

22.4 

76,0 

amyl Nitrite 

52 

Q3,6 

303.8 

27.2 

74.4 

Amyl Nitrite 

53 

^3.6 

311.2 

26.4 

76.0 

Amvl Nitrite 

52 

i< 

V • w 

306.4 

24,0 

74,4 

Amyl Nitrite 

53 

92.0 

306.4 

26,4 

74,4 

Amyl Nitrit.i 

75 

64,0 

312.0 

31.2 

48,0 

Isometric 

80 

66,4 

311.2 

29.. 6 

44,0 

Isometric 

SI* 

59.2 

300.0 

28.0 

49.6 

Isometric 

83 

62,4 

312,0 

27.2 

45-6 

liioraetric 

85 

64.0 

309.6 

27.2 

40.0 

Isometric 

90 

57.6 

290,4 

29.6 

37.6 

Isometric 

87 

59.2 

276,0 

33.6 

38.4 

Isometric 

90* 

:-^4.G 

264.0 

26,4 

76.0 

Isometric 

91 

?'1.6 

262.4 

26,4 

74.4 

I'-oraetrxc 

92 

21.6 

264,8 

26.4 

76.0 

Isoms trie 

95 

71.2 

259.2 

18.4 

70.4 

Isometric 

99 

79.2 

260.8 

24,0 

84.0 

Isometric 

101 

30.0 

264.0 

20.0 

80.0 

Isometric 

103 

7B.4 

270,4 

16.0 

93-6 

Isometric 

101 

80.0 

264.0 

20.0 

78.4 

Isometric 

6o 

72.0 

318.4 

18,4 

71-2 

Amyl Nitrite 

64 

71.2 

330.4 

21.6 

64.0 

Amyl Nitrite 

|5 

72.8 

360,0 

25.2 

62.4 

Amyl Nitrite 

62 

71.2 

329.6 

24.4 

64.0 

Amyl Nitrite 

6l 

75.2 

328.0 

16.8 

72.0 

Arayl Nitrite 


Table IV 


Transmission Times and Brachial Arterial Blood Pressures 
< from Sxperiment IV 


p 


^^2 


Atii. 

Conditions 

34 

64.0 

294.4 

31.2 

54,4 

Normal 

8^ 

65.6 

299.2 

27.2 

5^A 

Normal 

86 

63*2 

309.2 

24.8 

52.8 

Normal 

85 

60.8 

303.2 

33.6 

49.6 

Normal 

84 

65.6 

302.6 

29.6 

52.0 

Normal 

82 

67.2 

304. 0 

32 . S 

50,4 

Normal 

82 

65.6 

304.8 

29.6 

57.6 

Normal 

83 

65.6 

300,8 

30.4 

60.0 

Normal 

91 

63.2 

307.2 

29.6 

58.4 

Isometric 

95 

60.0 

311.6 

28.0 

57.6 

Isometric 

94 

59.2 

311,6 

2S.3 

55.2 

Isometric 

96 

52.4 

313.2 

23.0 

57.6 

Isometric 

96 

61.6 

3 O 8.8 

25.6 

57.6 

Isometric 

97 

62.4 

300.0 

28.8 

56.0 

Isometric 

99 

64.0 

294,4 

27,2 

56.0 

Isometric 

100 

53. 4 

290.4 

28.8 

54.4 

isometric 

105 

54.4 

297.6 

28.0 

57.6 

Isometric 

106 

55-2 

303.2 

26.4 

60.8 

Isoms trie 

108 

57.6 

301.6 

27.2 

57.6 

Isometric 

rio 

61.6 

297.6 

29.6 

55.2 

Isometric 

107 

52.0 

300.0 

30.4 

60.0 

Isometric 

106 , 

56.0 

300.0 

30.4 

55.2 

Isometric 

113 

60.0 

288,0 

29.6 

51-2 

Isometric 

116 

57.6 

284.0 

30.4 

51.2 

Isometric 

116 

52.4 

285.6 

32.0 

48.0 '• 

Isometric 

116 

52.4 

282.4 

33.6 

49.6 

Isometric 


74-4 

276.0 

30.4 

45.6 

Amyl Nitrite 

74 . 

68.0 

269.6 

31.2 

49.6 . 

Amyl Nitrite 

70 

72.8 

264.8 

30.4 

44.0 

Amyl Nitrite 

67 

76.0 

259.2 

33.6 

36.4 

Amyl Nitrite 

63 

73.6 

252.0 

32.0 

40.0 

Amyl Nitrite 

65 

76.0 

248.0 

32.0 

36.0 

Amyl Nitrite 

63 

72.8 

249.6 

30.4 

41.6 

Amyl Nitrite 

61 

76.0 

244.8 

33.6 

37.6 

Amyl Nitrite 

61 

78.4 

242.4 

32.8 

32.3 

Amyl Nitrite 

60 

81.6 

236.8 

32.8 

37.6 

Amyl Nitrite 

60 

82.4 

240.8 

32.0 

33.4 

Amyl Nitrite 

75 

70.4 

220.0 

30.4 

32.0 

Amyl Nitrite 

75 

69.6 

214.4 

31.2 

36,4 

Amyl Nitrite 

75 

68.0 

218.4 

31.2 

37.0 

Amyl Nitrite 

77 

68.0 

222.4 

28.0 

33.6 

Amyl Nitrite 

80 

66.4 

217,6 

',30.4 

29.6 

Amyl Nitrite 
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Tabl«5 V 


Transmission Times and Brachial Arterial Blood Pressures 
from Experiment V 


p 

4 i. 

a ^2 


AH 


Conditions 

86 

79.2 

370.4 

13.6 

96,3 

311.2 

Normal 

85 

80.0 

374.4 

15.2 

102.4 

304.0 

Normal 

87 

80.0 

368.0 

15.2 

90.0 

306.4 

Normal 


80.0 

368. B 

13,6 

96.8 

315.2 

Normal 

82, 

80.0 

357.2 

16.0 

95.2 

314.4 

Normal 

86 

81.6 

367.2 

17.6 

94.4 

306.4 

Normal 

87 

78.4 

370.4 

12.8 

lllu2 

296.8 

Normal 

89 

77.6 

375.2 

14.4 

104.8 

306,4 

Normal 

86 
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ABSTRACT 

There is a great medical need for new techniques for noninvas- 
ively determining blood pressure on a beat to beat basis. Other research- 
ers have proposed that the diastolic blood pressure mav be proportional 
to the aoitic pulse wave velocity, the speed the arterial pulse propagates 
from the heart. To determine pulse wave velocity accurately, sensors are 
needed to determine the arrival time of the pressure pulse at two points 
of the arterial system. 

In this paper, past methods for monitoring blood pressure and 
the proposed method are reviewed. Then, the various types of transducers 
for determining arterial pulse arrival times are considered. The presently 
available transducers are not ideal for monitoring arterial pulsations on 
moving patients, since noise and artifacts limit the usefulness of these 
devices. It x-yas felt that two devices, the doppler ultrasonic blood flow 
meter and the photoelectric transducer xirere most promising for long term 
pulse sensing on uncooperative patients. Hoxrever, commercially available 
sensors of these types xjere not considered- to be adequate. 

A doppler ultrasonic transducer was built with a beam width 
greater than commercially available. This device shows improved ease in 
positioning over the carotid and femoral arteries. However, the device 
is still not adequate for monitoring of uncooperative patients. 

The photoelectric ulethysmograph was also tested. A dual chan- 
nel, differential photoelectric plethysrao graph is described, Tests in- 
dicate that no great increase in signal to noise ratio is possible from 
this technique. A single channel plethysmograph was also built and tested. 
The device was adequate to monitor surface arterial pulsations and blood 
Influx into the skin capillary bed in most regions of the body. For use 
on ambulatory patients, a system is proposed for monitoring aortic pul&e 
propagation time bv sensing arrival times of the blood volume pulse in two 
regions of the back. Experiments performed indicate, hox^ever, that there 
is little, if any, correlation between aortic pulse propagation time a- and 
the difference of pulse arrival times in two regions of the back. A plot 
of carotid pulse to back tirae delays for various regions of the back showed 
that in general, the time delay increased with distance from the top of 
the shoulder. The origin of the photoelectric pulse signal and some pos- 
sible applications of the photoelectric transducer are also mentioned, 
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• INTRODUCTION 


In. recent years there has been increased interest in continuous 
monitoring of blood pressure in humans by noninvasive means. This inter- 
est is based largely on the need of NASA to monitor life processes during 
space flight and in various ground-based experiments. Monitoring of both 
normally active individuals and cooperative subjects is important. Phy- 
sicians also feel a need for such a device, since many times measurement 
of a patient *s blood pressure in the physician^ s office gives a poor in- 
dication of the blood pressure variations during daily activity. A con- 
tinuous record of blood pressure of a patient taken for periods of up 
to a day would be important information for a physician in assessing the 
actual deviation of blood pressure from normal and the effects of any 
treatment (such as drug therapy) which might be administered. Another 
use for such a device would be in hospitalized, critically ill patients 
whose vital parameters must be constantly monitored. An ideal device 
for continuous monitoring of subjects would be accurate, comfortable, 
and relatively insensitive to artifacts induced by patient movement. 

There is a need, then, for a device which could be used on cooperative, 
bed-ridden, or ambulatory patients for conti'auous blood pressure moni- 
toring. Blood pressure measurements might be taken every heartbeat or 
at short intervals and the results stored for future reference by ti:e 
physician. 
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• PAST ^lETHQDS FOR MONITORING BLOOD PRESSURE 

The most reliable way to continually monitor blood pressure 
is the direct method. This involves inserting either a needle or can- 
aula into an artery- The needle or cannula is then connected to an ex- 
ternally mounted pressure transducer. Another method involves actually 
Inserting a miniaturized pressure transducer at the tip of a catheteir 
into the artery. These methods give reliable, well calibrated continuous 
pressure readings for long periods. The direct method is the method 
usually used when continuous records of blood pressure from a bedridden 
patient such as in the cardiac care ward are desired. Also, Bradfute 
and Wright [1968] report of using a catheter in the radial artery to mon- 
itor pressure in ambulatory patients. The catheter was held in place 
with tape and an elastic bandage. West patients noted dull, aching dis- 
comfort from the catheter. Arterial spasm occurred in some patients 
along with severe pain. After the test, the subjects still noted mild 
to moderate discomfort in the puncture area for up to 48 hours. Also, 
there was a problem with clotting of blood in the catheter which could 
only be solved by flushing with heparinized saline every four hours. 

To avoid these complications and others such as hemorrhage or 
Infection which can result from introducing a foreign body into an art- 
ery, man/ researchers have developed actoraatic devices to continually 

■ 

monitor blood pressure indirectly. These methods are usually based on 
the common auscultatory method used by most physicians to give a quick 
pasy reading of diastolic and systolic pressures. This method was 
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developed largely by Korotkoff [1905]. It involves placing a pressure 
cuff connected to a manometer around the upper arm. The cuff is ’in- 
flated while the brachial artery sounds are monitored below the cuff, 

When the cuff pressure is below the diastolic (resting) pressure, there 
will be unimpeded flow of blood in the brachial artery, which is rela- 
tively -quiet. At pressures above diastolic, characteristic sounds termed 
Korotkoff sounds are found. These are caused by turbulence due to the 
interrupted flow of blood past the cuff [Burton, 1965], T'lhen the cuff 
pressure reaches systolic pressure, the artery remains closed, and nj 
Korotkoff sounds are heard. Normal procedure for a physician is to in- 
flate the cuff to a pressure above the point the Korotkoff sounds dis- 
appear, and then slowly release the pressure. The pressure at which 
the Korotkoff sounds (sharp tapping sounds) first appear is marked as 
the systolic pressure. As cuff pressure is further reduced, the sounds 
become louder and extended in time and then diminish. At a cuff pres- 
sure slightly before the sound begins to diminish, there is a change in 
character of the sound known as "muffling," which is usually tak^ to 
be the best criterion for diastolic pressure [Burton, 19651. 

Many devices have been devised to automate the procedure of 
« ■ 

determining blood pressure using the auscultatory idea. Gilson et al. 
[19411 devised an automatic device which records cuff pressure and Korot- 
koff sounds simultaneously every 30 seconds. The cuff pressure is auto- 
matically controlled, and the Korotkoff sounds are picked up by a "suit- 
able device" (a Shure Stethophone) positioned over the brachial artery. 
The physician, is presented with tracings of pressure and sounds and must 

» 

determine systolic and diastolic pressures from the tracings. Once 


adjusted for a given, patient, Gilson claims the device can be left to 
run unattended for hours, recording pressure every thirty seconds, with 
little discomfort to the patient. 

Weiss [1941] presented a similar device which has a sinusoidally 
varying cuff pressure with a period of twenty-five seconds. The Korot-* 
koff sounds are recorded superimposed on the pressure tracing. The phy- 
sician can then determine systolic and diastolic pressurejs as the onset 
and cessation of sounds (the old method for recording diastolic pressure 
was at the point the Korotkoff sounds disappear [Burton, 1965]). 

Another automated device was devised by Uose et al. [1953] . 

The sounds are detected by a brachial microphone, and diastolic and sys- 
tolic points are marked on a chart recorder, recording cuff pressure. 

The device has a cycle speed of 3.5 minutes. 

To eliminate the possibility of getting erroneous readings 
from noisy microphone signals, the Aerospace Medical Labs [1959] devel- 
oped a computerized blood pressure system in which Korotkoff sounds are 
accepted only if they correspond to a pulsation in the brachial cuff. 

Cycle time can be adjusted from one to fifteen minutes. R.A. Johnson 
^1959] reports that the readouts are reliable arid accurate but no com- 
parative data is reported. 

The National Aeronautics and -Space Administration [1964] report 
tells of the system used to monitor blood pressure on the first U.S. or- 
bital flight. A special, less cumbersome cuff was devised, so that it 
could be kept continually in place and not impede critical movements of 
■the astronaut. An oxygen tank and accompanying valves and regulators 
were devised to fill the cuff. They used a specially damped piezoelectric 
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microphone , filtered to accept only 32 to 40 Hz to pick up Korotkoff 
sounds. The cuff pressure system, however, proved too difficult to add 
to a spacecraft, so the system actually employed, was a simple hand 
pump in conjunction with the microphone. 

A similar system is commercial. .y available [Remler Co.]. In 

* 

this system the patient pumps up the cuff at given times. The cufi pres- 
sure and the brachial arterial sounds from a microphone are recorded on 
a portable magnetic tape recorder carried on the patientfs belt. The doc- 
tor can later play back the tape and determine the pressures recorded. 
Because of the inherent limitations of using a microphone to 
sense the pulsations of the artery, numerous investigators have devised 
alternate systems to sense the pulse arrival below or under the. cuff. 

A very novel system was used by Zindema et al. [1355]. They use a water 
filled plastic balloon directly over the artery and beneath the pressure 
cuff to sense pulsations of the artery. The balloon is connected to a 
Statham pressure transducer which indicates the pulse. Jeff Raines 
[1971] has developed a similar system which extrerael; accurately '‘measures 
cuff pressure, so that the pulsations can be seen from the output of the 
cuff pressure monitor. If this system is accurately calibrated, it can 
• give a good indication of diastolic pressure by noting the amplitude of 
the pulse excursions. The device must be recalibrated periodically, 
especially if physiologic changes, srah as vasoconstriction, occur 

Another device to pick up the pulse was devised by R. Kirby 
[1969]. He uses a doppler ultrasonic transducer to record the movement 
of the brachial artery beneath the pressure cuff. He found that the 
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transducer can sense very weak signals which are impossible to obtain 
with a stethoscope. The system is especially useful for recording pres- 
sures from shock patients or infants. Plus or minus 2.2 mm Hg accuracy 
is claimed. 

Electrical Impedance Plethysmography is also used to determine 
pulse arrival below a pressure cuff. Kiann [1937] showed that using a 
1000 Hz alternating current bridge in measuring the conductance of a 
finger, the rhythmical variations disappear as cuff pressure rises above 
systolic pressure. This method has also been applied to monitor pres- 
sure in infants [Schaffer, 1955] where Korotkoff sounds are difficult 
to detect. 

The use of a cuff on the finger has been a useful technique 
in continuous monitoring of blood pressure, since the cuff is not as un- 
comfortable as a normal upper arm cuff. Green [1955] used a volume 
plethysmo graph to monitor the pulsation of a finger below a small servo 
controlled finger pressure cuff. 

Traite [1962] devised a similar device which uses a piezo- 
resistive sensor below the finger-cuff to monitor pulsations. The cuff . 
is inflated by a variable speed motor at 5 ram of mercury per second. 

A narrow bandmdth filter is used to exclude motion artifacts from the 
signal. Test subjects reported that after ten minutes of use the cycle 
is largely ignored. Correlati jn with standard brachial artery pressure 
measurements is reported to be within five mm of mercury. 

The finger cuff also has been used to continually monitor 
•blood pressure by Robinson and Eastx^ood [1959]. They used a photoelectric 
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plethysmograph to monitor the pulse. This device senses the change in 
opacity of the tissue caused by the fluctuation o£ blood within the vas- 
cular network. 

There are a few systems for blood pressure monitoring which 
do not use a pressure cuff. A system which relies on a principle very 
similar to the cuff techniques was developed at the Mayo Clinic [Wood, 
1950]. They found that the I.R. Pulse (pulse due to infrared absorp- 
tion by the blood) can be monitored in the pina of the ear by a suitable 
light transmission and photoelectric sensing device (photoelectric 
plethysmograph) . When the ear is compressed by a pressure bellows, the 
I.R. pulse disappears when the bellows reaches systolic pressure. The 
diastolic point can also be found by noting the pressure at which the 
pulse reaches maximum amplitude. A system was built which can take 

pressure readings every ten seconds. NASA further developed this idea 

* 

[Jones and Simpson, 1966] and found the device is inherently insensitive 
to motion and noise artifacts. American Heart Association has shown 
measurements from this device correlate well with those from indwelling 
catheters. Also, the patient experiences little or no discomfort from 
the device and may wear it for hours. The device, however, has not been 
widely accepted by the medical profession, possibly due to the large 
number of variables which may affect the signal. 

■Attempts have been made by Jorell [1959] to measure blood pres- 

f 

sure from the amount of distention of the brachial artery. He sealed 
a pressure chamber over the artery and measured pressure changes in the 

chamber caused by the arterial pulsations, by means of a capacitive trans 

* 

ducer. He tried to find a linear relationship of this pressure pulse 
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to the hlood pressure. Difficulties were encountered with positioning 
the transducer, motion artifacts, and physiologic changes of the arter- 
ial system. These difficulties made it impossibie to calibrate the . 
device. 

A similar system was developed by Pressman and Hewgard tl5S3je 
based on a mathansatical model of the arterial wall. Their device Ci^arts 
a pressure on the artery with an arterial rider which partially flattens 
the artery. They found that the force necessary to maintain the fljittened 
position is linearly related to arterial pressure. They use a strain 
gauge transducer system to measure the force on the arterial rider. The 
system showed promise, however, difficulties were encountered with posi- 
tioning the device accurately over the center of the artery for long 
periods. 

Hone of these methods for continually monitoring blood pressure 
have proven to be satisfactory for use on ambulatory patients under the 
Influence of various drugs which have effects on the arterial system. 

Also, none of the methods give satisfactory blood pressure measurements 


on a beat to beat basis. 
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* proposed method 

For numerous reasons » past attempts for developing a non- 
invasive blood pressure monitoring system, which can be used contim*- 
ously for long periods, have proven unsatisfactory. Either the device 
Intruded too much into the patients daily life, for instance by requir- 
ing him to pump up a pressure cuff every few minutes, was uncomfortable, 
or results were just not accurate enough, under various conditions to 
give a good indication of pressure. Recent work by LaBresh [June, 1970] 
and Goldberg [January, 1972] has indicated that the pulse wave velocity, 
the speed with which the pressure pulse travels through the arterial 
system, gives a fairly good indication of diastolic blood pressure. 

Since diastolic pressure is usually considered as the more important of 
the blood pressure parameters, a system which could monitor pulse wave 
velocity non-invasively on ambulatory patients might prove quite useful 
as a blood pressure monitoring system. 

The contraction of the left ventricle of the heart causes a 
surge of blood into the aorta, causing a rapid rise in the aortic pres- 
sure. This pressure pulse distends the aorta and similarly to a plucked 
string, the distention travels along the aorta propagating at a velocity 
which is determined by the distensibility of the arterial wall. The 

velocitj of propagation of the pulse \/ave is much greater than the actual 

« 

blood velocity. The ’’pulse wave velocity" can be found from the Moen’s 


formula 
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where 

• V = pulse wave velocity 

E = modulus of elasticity for lateral 
expansion of the artery 

a = thickness of the arterial wall 

p = density of blood (1.055) 

r = radius of the artery 

1/2 

More practically, this may be expressed in the form v (m/sec) = 3.57/1) 

[Burton, 1965 and LaBresh, June 1970] where D is the '’distensibility", 

defined as the percentage of change in arterial volume (7) per 1 mm Hg 

rise of pressure. This is the Bramwell-Hill equation more frequently 

T /2 

written: V = 3.57 (dP/ (dV/V) )" . From experimentally determined pressure- 

volume curves it is possible to derive a relationship between pulse 
wave velocity and pressure (P). LaBresh [June, 1970] shows that dP/{dV/V) 
has approximately the form of a parabola for some experimental data. 

This leads to the approximate relationship v = x(P - k 2 ) where and 

.k^ are constants that vary with age and bodily conditions. For measure- 
ments over periods of a few days or weeks, the changes in these constants 
for one individual are due mainly to the degree of contraction of the 
smooth muscle in the arterial wall. Chang [1971] shows for instance, 
that smoKlng a cigarette can cause a 5D% increase in pulse velocity 
between the hand and the elbow, due to the constriction of the arterial 
smooth muscle. Changes of this magnitude in pulse wave velocity would 
make any correlation with pressure impossible iu this region of the body. 
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Despite this, a system using the pulse wave velocity in tne arm to 
measure pressure was developed by Wichmann and Salisbury [1964]. They 
■would measure the propagation speed oJ a 10 to 60 Hz signal applied 
with a noninvasive arterial tapper to the proximal part of the artery. 

The signal was superimposed on various portions of the arterial pres- 
sure signal, so that both diastolic and systolic pulse wave velocities 
could be determined and related to pressure. 

-• McDonald [1968] indicates that the aorta has comparatively 
very little smooth muscle in its wall, so that a change in pulse wave 
velocity in the aorta is a more reliable indication of a pressure change, 
than pulse wave velocity in the more peripheral arteries. LaBresh [June, 
1970] shojs that in dogs there is good linearity between the pulse wave 
velocity, measured between the arch of the aorta and the femoral artery, 
and the diastolic blood pressure. This relationship holds under varying 
conditions such as vasoconstriction, vasodilation and hypovolumia. Pulse 
wave velocity measured from the carotid to femoral arteries shows greater 
deviation from linearity, but there is still good correlation between 
the diastolic pressure and the pulse wave velocity. Hielsor^ et al. [1968] 
indicates that the pulse wave velocity determined from the carotid to 
femoral region using piezoelectric microphone transducers agrees very 
well with the pulse wave velocity determined in the aorta with indwell- 
ing catheter pressure transducers. In experiments on resting, healthy 
human subjects, Goldberg [1972] shows that the pulse wave velocity between 
the carotid and femoral arteries gives a fairly good indication (+ 8 mm Hg 
or better) of diastolic blood pressure measured by a catheter, connected 
to a pressure transducer, inserted in the brachial artery. For each 
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patlent, plots of pressure versus 1/At were made. Each patient’s data 
could he fit hy a straight line, although slope and intercept were dif- 
ferent for each patient. Therefore, indications -are that a device fbr 
measuring blood pressure from pulse’ wave velocity could be calibrated 
for each patient by measuring pulse wave velocity at two widely differ- 
ent pressures. 

Both LaBresh and Goldberg measured the onset of the pressure 
pulse in the two regions xrf.th mechanical transducers which sensed the 
expansion of the artery due to the pressure pulse. At, the time dif- 
ference between the "foot” (point of rapid uprise due to ventricular con- 
traction) of the pulses was then determined from a chart recceding at 
high speed. The delay of the pulse foot was used to determine the pulse 
wave velocity, since it corresponds to the lowest point of the pressure 
wave form which "sees" the diastolic pressure! Therefore, the foot of 
the wave propagates with a velocity determined by the diastolic (rest- 
ing) blood pressure level. Other points of the pressure pulse waveform 
propagate at a greater speed due to the higher pressures "seen" by these 
points [Burton, 1965]. . 

The results of LaBresh and Goldberg are questioned by results 
-from other experimenters. Eliakim et al. [1971] measured pulse wave 
velocity from the femoral to dorsalis pedis (foot) artery on patients 
and found that the blood pressure level had no effect on the pulse nave 
velocity. Large beat-to-beat variations in diastolic pressure in cases 
of atrial fibrillation and premature ventricular beats, as well as large 
blood pressure changes caused by cardiac pacing at increased rates had 
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no effed: on pulse wave velocity as measured between the two peripheral 
sites. Malindzak and Meredith [1970] in dog experiments similar to ia- 
Bresh’s [June, 1970] found conflicting results. In flalindzak’s experi- 
ments pulse wave velocity was found to increase with blood pressure, 
as was shown by LaBresh, for blood pressure Increases caused by administ- 
f Ing Norepinephrine. 'While a decrease in blood pressure due to a dose 
of acetylcholine also caused an increase in ptilse wave velocity. Malind- 
z'ak explains these contradictions hy surmising that the reflection from 
the unmatched peripheral vascular bed influences the position of the 
pulse foot. Changing peripheral resistance to alter blood pressure, 
therefore, may cause a rise or fall in pulse wave velocity depending on 
the extent of the pressure change in relation to the peripheral resist- 
ance change. 

So the problem of correlating pulse wave velocity and blood 
pressure under various conditions remains. What is needed for studies 
of this type and for completion of the long range goal of developing a 
system to monitor blood pressure on ambulatory patients, is a convenient, 

C* 

’noninvasive, reliable, transducer to monitor the pulse at two locations 
(probably the carotid and femoral regions) of the body.. Such a device 
would also be useful for monitoring bed-ridden as well as cooperative 
subjects. An easy way to measure pulse wave velocity might also prove 
useful in screening of patients for artereosclerosis, since this condition 
may cause a variation from normal values for an age group in pulse wave 
velocity as reported by Eliakim et al. [1971]. 


ASPECTS OP A GOOD TRANSDV'CER 


In searching for the ideal transducer to monitor pulse wave 
arrival, it is useful to form a set of criteria for evaluating the de- 
vice. As with any physiological transducer, the primary consideration 
is that it does not drastically affect the event it is measuring. In 
this case, it is important that the transducer system affect neither 
the pulse wave velocity nor the blood pressure. Other criteria for eval- 
uating the transducer, include: 

1. POSITIONING: The. transducers must pick up signals from two regions 

which correspond to the linear pressure versus velocity region in the 
arterial system. It is hoped signals from the carotid and femoral art- 
eries will show a linear pressure versus velocity relationship under most 
physiologic conditions. 

2. ACCUEACT: The arrival of the arterial pulse wave is the target 

•ft, 

variable* The transducer must accurately sense this arrival or a closely 
correlated parameter (perhaps skin color, for instance). 

3. RELIABILITY: For use on ambulatory patients, the sensor must be cap- 

able of giving reliable signals as a patient goes about his daily routine. 
Environmental factors such as temperature, humidity and gravity should 
have little effect on the device. Also, artifacts from patient movements 
such as breathing and speech should be small. 
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4. SENSITIVITY: There should be a la.ge response from the small art- 

erial signal so that an accurate and fvharp wave foot can be located . . 
Also, the signal to noise ratio should be large even in somewhat poor 
electrical environment, for instance, near a car with a poor ignition 
system. The frequency response must allow a sharp systolic upswing, 
yet should not accept 60 cycle noise, 

5c BASELINE STABILITY: For accurately determining the foot of the 

pulse wave, baseline drift should be at a minimum. 

6. CURRENT REQUIREMENTS: The device must be battery operated, there- 

fore, small current drain is an important requirement. It may be pos- 
sible to have the device turn on and off at regular intervals thereby 
lowering battery drain. 

7. RUGGEDNESS: The transducer system must be able to withstand a cer- 

tain degree of mistreatment such as being accidentally dropped. It must 
be able to withstand the many knocks it will encounter during a day on 
the job. 

8. EASE OF OPERATION: The transducer system should he quickly attach- 

able to the exact locations required. If possible, this could be done 
by a non-technical person, possibly the patient himself. Controls, if 
any, should be simple in operation. 

9. COMFORT; The device must be comfortable to use for long periods. 

It shouldn't interfere with normal patient activity or make him overly 


aware he is being monitored. The transducer and electronics, therefore, 
should b'- relatively small and light in weight. 

10. SAFETY: The transducer should have no adverse effects on the skin 

or underlying tissue. Also, voltage levels should not be so high that 
they present a shock hazard. 

11. GOST: The initial cost and the cost of maintenance and repair should 

be at a reasonable level. The reasonable cost will of course depend on 
the market. Use by a patient in his home would require a device less 
costly than one to be used by an astronaut In a space ship . Cost trade- 
offs are always possible. 
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METHODS USED FOR PULSE MOKITORIMG 

There are many devices which can adequately sense the arrival 
, of the arterial pulse x<rave. Most of t.*rese have been used in systems 
similar to the ones previously described for indicating the pulse below 
a pressure cuff, in systems for automated monitoring of blood pressure. 
Many of these devices sense the mechanical movement of the artery. Dif- 
ferent methods have been devised to transduce the mechanical movement 
of an artery to an electrical signal. Clamann, [1951] used a special 
submlniature triac radio tube (RCA-5734) with .a projecting pin connected 
to the plate. Movement of the pin by the artery produces a change in 
distance between the plate and cathode, causing a change in the circuit 
gain. A modern day version of this [Gorelick and Kim, 1971] uses a 
Pitran, pressure sensitive transistor, mounted in a water chamber which 
is placed over the artery. The water coupling to the skin helps al- 
leviate placement difficulties as was shown by Davis, Gilmore, and Freis 
[1963] . The Davis device uses a strain gauge transducer system to moni- 
tor pressure changes in the water chamber. Pressman and Newgard [1963] 
also used a strain gauge transducer in monitoring pulsations of a small 
button riding on the artery. A differential transformer has also been 
used [Jones and Simpson, 1966] to measure pulsations of an arterial rider. 

Benjamin et al. [1962] used a device similar in principle to 
Corellis [1959] blood pressure measuring device for picking up arterial 
pulsations. A chamber is sealed over the artery, and pressure fiuctua- 
^tiona are picked up by a moving coil which acts as the inductive part 
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o£ a transistorized 100 KHz Colpitts oscillator. A stationary coil is 
part of the input circuit to a transitorised clipper amplifier. Vary- 
ing the distance between the coils causes a change in coupling which 
changes the amplitude of the 100 KHz signal (amplitude modulation). 

The piezoelectric microphone is frequently used for picking 
up pulses. Geddes and Hoff [1960] used a high efficiency crystal from 
a phonograph cartridge to pick up pulsations from the radial and brachial 
arteries. They used a .02 uf capacitor to eliminate high frequency 
muscle tremors which were causing interference in the signal. This 
microphon.-^ has proven to be useful in studies of pulse wave velocity 
by G.L* Woolam et al. [1962] and other researchers. For use on unco- 
operative patients, all these electromechanical transducers have basic- 
ally the same problems. They are all very prone to noise from movement 
of the patient and from slight changes in the position of the device 
relative to the skin. Also, speech and swallowing have extremely ad- 
verse effects on traces from the carotid artery, making the pulse wave- 
form almost impossible to recognize. For use on cooperative patients 
in a controlled environment, the electromechanical transducers are prob- 
ably quite adequate. Possibly the best sensitivity and frequency response 
may be obtained from the device devised by Gorelick and' Kim [1971], how- 
ever, in its present form this device would be difficult to mount for 
long periods over an artery. Slight modifications in the housing design 
would probably make it easier to attach over the artery. 

Mother technique used to monitor the pulse arrival is volume 
plethysmography. A part of the body such as the finger is placed in a 
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rigid air tight container, and the pressure variations caused by the 
blood volume pulse are monitored [M.H. Lader, 1967]. Difficulties with 
this method is that it is very sensitive to muscular contraction and 
movement. There also is difficulty' in using such a device in the vic- 
inity of the femoral and carotid artery, although a system similar' to 
Jeff Raines [1971] where pressure variations in a cuff are monitored 
can be used in these regions. The cuff would still be sensitive to 
muscular contractions and movement, however. 

Electrical impedance plethysmography can also be used to sense 
the pulse wave [J. Nyboer, 1970]. This method monitors changes in the 
blood content. The technique can be localized to pick up the pulse from 
an artery. Again, however, this technique suffers from noise introduced 
by muscle movement [LaBresh, Sept. 1970]. Evan an EKG gated filter can- 
not reduce the unwanted noise component of the signal. 

Another technique for monitoring pulse arrival is the photo- 
electric plethysmograph. The changes in the blood content of the sur- 
face tissue causes changes in the light- absorption coefficient of the 
tissue. The light absorption changes can be measured by using a photo- 
cell to monitor reflected light in the 8000 to 9000 A spectrum ["ITeinman, 
1967] from a miniature bulb. Hertzman [1938] found that the pulsation 
of an artery can be monitored by this technique, because the movement 
of the skin surface affects the optic il* characteristics of the llghi- 
skln-photocell system. In this system, however, movement of the instru- 
ment with respect to the skin from muscular contraction also occurs, 
which results in sensing errors, A similar system was used to measure 
pulse time differentials betvjeen regions oi ^he facial tissue by Behrendt 
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and Shawaluk [19681. They didn't sense arte'rial movement, but rather 
the Influx of blood into the capillary bed of the tissue. They assumed 
that the time for the pulse to move from the major arteries to the <.ap- 
illary bod is essentially constant at all locations at which they were 
measurini», so that their measurements represent, to some degree at least, 
the arterial pulse wave time differential betc^een the two points of mea- 
surement. One advantage of this method is that by its nature it is 
relative.ly insensitive to noise. However, Strong [1970] indicates that 
there may be trouble with movement artifacts on ambulatory patients. 

A relatively new technique for sensing the arrival of the 
pulse wave uses a transcutaneous doppler ultrasonic blood flow meter to 
measure the arterial blood velocity. The blood flow pattern has a wave- 
shape similar to the pressure pulse waveform, with the initial rise of 
the pulses corresponding in time, as can be seen in a report by Freis 
et al. [1966], The blood velocity is measured from the doppler shift 
in a backscattered ultrasonic (2-10 MHs) sound wave. Stegall et al. 
[1966] found that they could easily monitor blood flow in the carotid 
and femoral artery. LaBresh [Sept. 1970] found that good signals can 
•be recorded even when the subject is undergoing normal activities. He, 
however, indicates that placement over the artery is. difficult because 
of the narrow beam width of the transducer used. Doppler transducers 
have been used successfully by Nippa et al. [1971] to measure pulse 
wave velocity in human veins, however, the measurements were only for 
short time periods. An added advantage of the doppler ultrasonic probe 
is that it can monitor the pulse in very deep arteries, even the aorta 
• [L.H. Light, 1969] xAich should exhibit a higher degree of linearity 
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between pulse wave velocity and blood pressure than the more superficial 
arteries [LaBresh, June 1970]. Another possible use of the doppler 
ultrasonic transducer is in measuring the actual motion of the artery 
as it expands with each presstire pulse. The movements of the wall cause 
a doppler shift in the frequency of the ultrasonic beam reflected from 
* the arteiy. Baker and Simmons [1968] and Hokanson et al. [1972] indicate 
that phase-lock techniques can be used successfully for measuring arter- 
ial diameter changes ultras onically. Placement over the artery in this 
technique is extremely critical, however, so it would probably not prove 
useful on ambulatory patients. There are questions about the safety of 
ultrasonic beams, but there is a large volume of reports which indicate 
that clinical use of low intensity ultrasound has no harmful effects. 

So there seem to be very great indications that at the intensities 
2 

(10-100 mw/cm ) of. the doppler flow meter, there should he no adverse 

affects. According to Alt [1966], "sufficient experiments have been 

2 

run to warrant the statement that sound levels below 1 W/cm are non- 
destructive as far as biological tissues are concerned." Also, Lele 
[1972] states that, "from all evidence available it is condeSed that cur- 
rent diagnostic practices (ultrasonic) pose no short term or long term 
hazard to patients." 

Another device which measures flow velocity from doppler 
shift is the laser doppler velocity meter [Morikawa, et al., 1971]. 

There have been proposals for using such a device for transcutaneous 
blood flow measurements [Fine and Klein, Nov. 1969], however, the ex- 
treme attenuation of the laser light through the skin, and the opacity 
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of the arterial wall makes it highly unlikely that a satisfactory device 
can be developed for measuring flow in the major arteries, at least at 
presently available wavelengths [Fine and Klein, July 1969]. Thererore, 
development of a satisfactory transcutaneous laser doppler flow meter 
seems to be unlikely in the near future. 

Researchers frequently use the events in the heart as a refer- 
ence to determine pulse wave velocity. Demonchy et al. [1970] used the 
second heart sound as a reference, and then measured delay times to the 
carotid and femoral arteries. The second heart sound, however, is very 
difficult to sense accurately in the presence of patient movements such 
as breathing, speech, and muscular contraction. Also, Goldberg [1972] 
indicates that the onset of left ventricular ejection to second heart 
sound delay time is too variable to serve as a reference for ejection. 
Therefore, this technique would probably not prove useful on an ambula- 
tory patient. 

Another reference which is -used, is the R wave of the EKG. 

M. Monnier [1967] obtained variations of 3.4% in pulse wave velocity 
determined from the R wave and the sharp rise in the pulse wpve of the 
dorsa'is pedis (foot) artery. However, K, LaBresh [June 1970] indicates 
that under the effects of various drugs, the variability in the EKG to 
aortic pressure onset delay time is too large to make it useful as an 
indication of the aortic pressure rise. Goldberg [1972] further sub- 
stantiates these findings. 
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VIEW OF DEVICE SUITABILITY FOR 
AMBULATOB.Y PATIENT KONITORING 
. BASED ON LIBRARY STUDY 
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It can be seen that the most promising devices are the Doppler 
Ultrasonic and the Photoelectric Plethysmograph. These are further in- 
vestigated. 
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DOPPLER ULTRASONIC TRANSDUCER 


o 


Tho doppler ultrasonic blood flow transducer is fairly siwple 
in principle. A piezoelectric crystal (see Eigure 1) is excited at its 
resonant frequency by a high frequency (1-10 MHz) electric signal. The 
crystal vibrates at this frequency, and emits sound waves into the sur- 
roundings. An acoustic coupling gell (Aquasonic) is used to acoustically 
couple the transducer to the skin surface. The incident beam is trans- 
mitted into the skin and reflected back by any interfaces or inhomogen- 
aities in the medium. The receiving crystal picks up the "echoes” and 
converts the acoustic signal back to an electric signal which can then 
be amplified. The received signal consists of the reflected signal from 
the skin inhoraogeneities, the non-moving interfaces, the moving arter- 
ial wall, and the moving blood particles. Reid et al. [1969] indicates 
that the red blood cells contribute by far the greatest amount to the 
reflection from the arterial blood. The reflected waves from the mov- 
ing objects such as red cells will be doppler shifted in frequency. The 
frequency shift is related to the blood velocity, the angle of Incidence 
and reflectance and the ultrasonic frequency used, by the following equa- 
tion [Stegal et al. 1966]: 

Af = f - [f(c - V cos a)/(c + V cos &)] 

this reduces to 

A£ = t(2f cos( )c]v for v « c, 
where c is the speed of sound in the medium (about 1500 m/sec). 
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Figure 1 

Movement away from the crystals causes a decrease in frequency, while 
/ement towards the crystals causes an increase in frequency. The re- 
ceived signal of f + Af is electronically detected to yield the differ- 
ence frequency Af. As the velocity of blood changes with each heart 

beat, Af will vary accordingly. For no flow, Af will be 0 and vary lin- 

% 

early to about 6.7 KHz for a flot? of 100 cm/sec (which is near the maxi- 
mum in the aorta) for flow directly away from the crystals at an incident 
frequency of 5 MHz. The change in Af can be electronically converted 
to a change in output voltage with a zero-crossing detector, see Fig- 
ure 2. The output signal then, represents the velocity of blood in the 
artery aod the velocity of the arterial wall which can be filtered out 
since it is only at a velocity of about 2.5 cm/sec [Stegal et al. 1966], 
which is below the normal slowest blood velocity. Since the initial 
rise of arterial pressure and the blood velocity correspond in time, the 





foot of the blood velocity signal from the doppler ultrasonic transducer 
can be used to determine the foot or the pressure pulse. 

There are still many problems involved with the use of the 
ultrasonic doppler transducer. Presently available probes have very nar- 
row beam widths which make them difficult to position accurately over 
the artery. The Parks Electronics mode:l 802 Doppler instrument used in 
the preliminary tests for instance, comes equipped with a probe having 
crystals approximately 2 x 1 mm on a side with a 10 MHz resonant fre- 
quency. Positioning of tie probe over the artery is quite critical and 
even if the transducer can be firmly attached to the skin, any movement 
of the artery with respect to the skin as with turning the head in the 
case of the carotid artery causes loss of the signal. 

To broaden the beam width, probes with crystals (PTZ-5) of 
5 X 10 mm were constructed [LaBresh, Sept, 1970]. These probes x^ere 
much easier to position accurately over an artery, but did not retain 
an adequate signal x^hen the artery was moved due to body motion. 

Another variable which xjas changed to broaden the beam x^ridth 
was the resonant frequency of the transducer. Lower frequency crystals 
Inherently have a broader beam width [Wells, 1969],. however, the doppler 
shift decreases linearly with the frequency. This is partially offset 
by a decrease in the absorption at the lower frequency. Ultrasonic waves 
are absorbed by tissue due to a phase lag in the tissue of the transla- 
tional motion of the sound wave with respect to the stress. This effect 

increases almost linearly with frequency. Normal values for the absorp- 

' -1 -1 
tion coefficient of soft tissue is between .5 and 3.5 db cm MHz 

I 

[Alt, 1966 and Wells, 1969]. Results with a lower frequency (5 MHz) 
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transducer were comparable to the previous results , indicating that a 
change in frequency would not be a great improvement in performance. 

To broaden the beam, convex crystals may also be used [Wells, 
1969] • A convex crystal or a flat crystal with a convex lens should 
have less directional sensitivity than a flat crystal. In fact, a trans- 
ducer constructed from convex 5 x 10 mm crystals was tested and proved 
to be just not sensitive enough to picli. up good signals except when 
positioned extremely accurately. 

The effect of the angle of iiicidence and reflection of the 
beam was investigated using a specially constructed jig Illustrated in 
Figure 3. A pulsatile flow pump consisting of a motor driven syringe 
with a gravity feed reservoir serving as a capacitance vessel so that 
flow would never reach zero, was used in a closed loop system. The cir- 
culating fluid used was milk, which has reflectance properties similar 
to that of blood [Flax et al. 1969]. ‘The milk flowed through a plastic 
tube (1/4" O.D.) in a water bath which provided a good acoustic coupling 
to the transducer also placed in the water bath. The transducer '"angle 
jig was placed so that there was 8 mm from the center of the tubing to 
the center of the crystals. Table 1 shows the results of changing the 
separation of the crystals with constant crystal angles, while Table 2 
shows the optimum angles determined for various crystal separations. 

It can be. seen that the variation in output was fairly minimal over a 
wide range of angles and separations. Therefore, it is believed that • 
the actual angle and separation of the crystals used in the transducer 
Is not critical. This agrees well with results found by LaBresh [Sept. 
1970]. 
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TABLE ’ 

ANGLE A = 39% ANGLE B = 28" 
CRYSTALS 5 X 10 mm @5MHz 


SEPARATION, L, mm 

. . 12.0 
11.0 
10.0 

9.0 

8.0 

7.5 
. 7.0 

6.5 

6.0 

5.5 


OUTPUT, VOLTS 

1.9 

1.9 

1.8 

1.9 

2.0 

2.1 

2.3' 

2.1 

2.1 

2.1 


TABLE 2 


SEPARATION, L, mm 

0PTI>IUM ANGLES 

OUTPUT, VOLTS 


A 

B 


12.0 

39 

28 

1.9 

11.0 

39 

28 

1.9 f 

10.0 

49 

25 

2.3 

9.0 

49 

25 

3.0 

8.5 

49 

25 

2.5 

7.5 

50 

23 

2.9 

7.0 

50 

23 

3.0 

6.0 

45 

25 

3.0 

5.5 

45 

25 

3.0 
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Another transducer was constructed containing txjo 5 x 10 run 
crystals resting at fixed angles of 45'*. and 25“ with about 6 nra separat- 
ing the (’.enters of the crystals resting on a candle wax hacking, within 
a metal hemispherical shell. Performance over the carotid and femoral 
artery was comparable to the performance of the adjustable transducer 
set at optimum angles. This transducer had a rubber rim to increase 
friction between the skin and the transducer to make positioning easier. 
Also, this serves to keep acoustic coupling jell which is very slippery 
from getting under the transducer-skin interface. Furthermore a special 
two sided adhesive ring used for positioning EKG electrodes was placed 
between the rubber and skin interface. Also, an elastic band xaas used 
to help hold the transducer in a stable position. Difficulty xvas en- 
countered in using a plain elastic band to hold the transducer over the 
femoral artery, because the position of the artery is such that an 
elastic band around the leg is too low to cover it. To circumvent this, 
a sock garter was used inverted so that it could he attached to the 
subjects shirt, pulling it high enough on the hip to ;.:over the femoral 

c* 

region. Experiments over the carotid and femoral artery again showed 
that the signal disappeared quite easily when any motion in the region 
occured. It is felt that the movement of the skin relative to the art- 
exy is the reason for this, 

Loren Parks [July 1972] manufacturer of doppler probes and 
flow meters indicated that there has never been a transducer devised 
for continuous monitoring. He recommended that the crystal length he 
further increased. However, he cautioned that signal-to-noise ratio be- 
comes a problem for such large transducers. Two such transducers were 
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constructed. Both had crystals 20 mm x 5 imn imbedded in wax. One trans- 
ducer was at 5 MHz x^hile the other at 10 MHz. Both transducers were 
slightly easier to position than the 30 mm long crystal transducers, 
however, there was a great deal of noise, some due to the flow of the 
venous blood which runs near the artery. It was felt that a more com- 
plex instrument, a directional doppler such as Parks model 806 which dis- 
tinguishes between, and can be set to Treasure only, flow towards or 
away from the transducer could be used to help reduce the venous noise. 
Since this instrument was not iramediat sly available at MIT, one was bor- 
rowed [Raines, 1972] from Mass. General Hospital. Indeed, the device 
did reduce the venous' noise when used with the large transducers. How- 
ever, noise was still great, and positioning was still fairly critical 
since the transducer only picked up good signals when the middle was 
positioned over the artery. An auxiliary oscillator was used to boost 
the voltage reaching the sending crystal, but the only noticeable ef- 
fect this had was to actually heat the skin in. the area. This was judged 
to be unacceptable and not pursued further because of the possible haz- 
ards of ultrasound at high intensities [Alt, 1966], The larger 20 x 5 mm 
crystals were judged therefore not to be as effective as the 10 x 5 mm 
crystals. 

Different probe designs such as two concentric washers were 
considered. However, Wells [1970] indicates that the other popular probe 
designs would have little to recommend them over the design used, where 
the crystal angles can be changed so that the convergence of the two 


beams can be set 
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Signals can be detected from blood flow in the aorta, however, 
the distance from the aorta to the body's surface makes this signal ex- 
tremely difficult to detect. Light [1969] found he could measure flow 
in the aorta by positioning his probe between two ribs, while Baker and 
Cole [1971] found that the suprasternal' notch (below the neck) was a 
good location to measure flow in the aorta. Signals, indeed, could be 
detected in both regions, hut it was found that positioning was an ex- 
treme problem. In fact, signals were at times difficult to find at all. 
Because of the great difficulties in positioning doppler ultrasonic 
probes, it was felt that other methods might be more useful in pulse de- 
tection on ambulatory .subjects. The photoplethysmograph is considered 
in the next section. 
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FHOTOPLETHYSMQGRAPH 

The use of a photosensitive device to monitor flow of blood 
into a region of the body is not a new idea. Hertzman [1938] showed 
that the light reflected from the skin varied x^ith the pulsations of 
blood with each heartbeat. This change in reflected light, the "opacity 
pulse", is fairly easily monitored with a suitable photosensitive device. 
The photoplethysmograph is non-invasive and can be used over almost any 
region of the body, and therefore has proven useful in pulse wave velo- 
city studies. Behrendt and Shawaluk [1968] measured pulse wave velocity 
between regions of the face using photoplethysmographs to sense the in- 
flux of blood into the capillary bed. While Weinman et al. [1971] used 
them to measure pulse wave velocity between the femoral and dorsalis- 
pedis artery. 

The origin of the opacity pulse phenomenon is not completely 
understood. TJhat does seem clear is that the pulse represents the flow 
df blood into the tissue, since there seems to he great correlation bet- 
ween the volume plethysmogram and the photoplethysmogram measured in the 
same region [Montagna, 1960 and Westenholme, 1954]. Ikegami [1958] did 
a comparitive study of the photoplethysmogram with other plethysmographic 
techniques. He found no discrepancy between the photoplethysmogram and 
the other methods in relation to time courses and in magnitude of spr'n- 
taneous or vasomotor fluctuations. He concludes, therefore, that the 
reflection photoplethysmograph represents chiefly features of capillary 
vessels in superficial layers of skin. With each heartbeat there is a 
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sudden increase in blood influx into the capillary bed due to the art- 
erial ■oreusure Increase during systole . The outflow at first is not as 
great as the inflow, so there is a net increase in volume during systole. 
■However, when the arterial pressure drops in diastole, the rate of out- 
flow is greater than inflow so that by the beginning of the next heart- 
beat, the net increase in volume is zero. The amount of change in blood 
volume between the diastolic minimum and the systolic peak is termed the 
"blood volume pulse." 

The origin of the reflected opacity pulse can be more easily 
understood if one looks at light transmitted through the skin, for in- 
stance, the cheek or finger web. The influx of blood into the vascular 
be^ causes a decrease in light transmitted through the tissue. This is 
easily explained by the fact that blood absorbs light, so the more blood 
in the tissue, the less light transmitted. Weinman [1965] indicates that 
a layer of whole normal human blood 1.3 mm thick would transmit only .7% 

O 

of the incident light at 8050 A, while a layer of tissue of the same 
thickness would transmit nearly 50% of the incident radiation. This big 
difference in transparency makes the photoplethysraographic technique pos- 
sible. 

The "reflectance mode" of photoplethysmography shows a similar 
phenomenon; more blood present in the tissue causes a decrease in light 
reflected hack to the photocell. To explain these findings it is nec- 
essary to look at the mechanisms influencing the reflection of the light. 
Longini and Zdrojkowski [1968] use a vhotodiffusion theory to help ex- 
plain the multiple scattering processes found in biological heterogeneous 
media. The light incident oa the skin is scattered and absorbed by the 
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skin itself and the flesh behind it. Some of the light reetnerges (is 
reflected) after multiple scattering while the rest is eventually ab- 
sorbed or transmitted. If the skin is considered to be finely grained 
and divided by planes into many thin elementary sheets parallel to the 
surface, they deduce the following equations for reflection and absorp- 
tion of incident Lambertian light: 

"1 

Transmittance T(a) = [cosh(qa) + (k+w)/q sinh(qa)] 

Reflectance k(a) = k/q T(a) sinh(qa) 

where k = k^ = scattering coefficient of component i. 

Vf = volume fraction of component i. 

w = w_j = absorption coefficient of component i. 

q = [wCw + 2k) 
a = the sample thickness 

for qa » 1 as for thick samples where almost no light will be transmitted, 
coshCqa) = sinh(qa) = 1/2 exp(qa), so the reflectance, reduces 
to: 

R(a) ^ k/ (q + w + k) (1) 

Hie meaning of k and w can be more easily seen for a = e, a very small 
thickness. T(e) = 1 - kE - w£ and R(e) = k to the first order. So k 
is the coefficient for the fraction of light backscattered from the ele- 
mental sheet, while w is the coefficient for the fraction absorbed. 
Zdrojkowski and Pisharoty [1970], show that results computed from this 
theory agree well with eicperimental findings. For the analysis of the 
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i ) 


blood volume pulse, it is useful to consider: 


( f 


k = k^a - v,^(t)) + k^V^(t) 


w - w^(l - v^(t)) + w^V^(t) 


(2) 

(3) 


where ; 


V^Ct) 


w. 


time varying volume fraction occupied by the blood, 
scattering coefficient for nonperfused tissue, 
scattering coefficient for blood, 
absorption coefficient for nonperfused tissue, 
absorption coefficient for blood. 


The red cells in the blood account for most of the scattering in the 
blood. This equation considers that there is no difference in coefficients 

O 

for oxygenated and reduced blood. This only is true at 8050 A wavelength. 
For other wavelengths the equation must be further modified to consider 
the amount of oxygenated and reduced blood. This lends little to the 
analysis so that it suffices to consider the coefficients for blood to 
be the weighted average for oxygenated and reduced blood. These coef- 
ficients have been determined by Cohen and Longini [1971] to be the fol- 
lowing at a wavelength of 8050 A. 




= 16 cm 


~1 


-1 


Wjj = 5.1 cm for a hematocrit of .40 




= 30 


= *3 


Calculations for the reflectance change due to a blood volume fraction 

A 

change from .05 to .15 at 8050 A in Equations 1, 2, and 3 show the 
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reflectance will vary from .825 at ,05 to ,765 at .15, Showing that re- 
flectance decreases with increasing blood volumes. A change of from 
,05 to .15 as might occur under drastic vasodilation is quite large com- 
pared to the actual change due to the blood volume pulse. Weinman [1967] 
indicates that a typical blood volume pulse in a finger may be from 2,17% 
to 2.24% of tissue volume. Calculations from equations 1, 2, and 3 show 
that reflectance will vary from .84806 at 2,17% to ,84746 at 2.24%, The 
reflectance also will vary with light wavelength, geometry of the trans- 
ducer-skit. interface, hematocrit and oxygen saturation of the blood. 

O 

8050 Aj the near Infrared region, however, is the isobestic wavelength 
for blood, where both oxygenated and reduced blood have the same optical 
coefficients. 

Although this theory seems to adequately e:q)lain the opacity 
p.ulse, there is some contradictory evidence presented by Heck [1972], 

He indicates that when erythrocyte suspensions of fixed volume are made 
to flow, the amount of light transmitted changes, probably because of the 
streaming orientation of the red blood cells. This red cell reorienta- 
tion leads to a change in reflectance. Also, he considers the fact that 
flowing blood particles tend to move centrally into an axial cone. This 
widens the relatively cell free peripheral plasma zone which may part- 
ially account for the change in transparency of the tissue. This indic- 
ates that the photoplethysmograph woull be influenced very strongly by 
the velocity of the flowing blood particles, D'Agrossa and Hertzman 
[1967] in microscopic studies of opacity pulses from individual minute 
arteries, capillaries, and venous vessels of the frog mesentery, found 
that indeed the opacity pulse is correlated with the flow velocity rath’er 


than the flow volume. A decrease in blood flow with no change in art- 
erial diameter j they found, is accompanied by a decrease in opacity pulse 
amplitude and a less opaque field. In vitro experiments using a perfusion 
pump exhibited similar results. Increasing the stroke volume causes an 
increase in the opacity pulse. To rule out the possibility that the 
observed effect is due to an unobservable volume pulsation of the vessel, 
the outflow resistance was increased so that the arterial diameter in- 
creased. This diameter increase causes an increase in the opacity (DC) 
level, however, the preparation showed a, decrease in opacity pulse amp- 
litude , probably due to the decreased flow velocity. Also of interest, 
is the fact that no opacity pulses were noted in capillary or venous ves- 
sels, There is irregular variation of opacity level in these vessels, 
probably caused by the random conglomeration and orientation of blood 
cells. They conclude, therefore, that the opacity pulse is due primarily 
to the change in orientation of erythrocytes which occurs with change 
in blood velocity. Heck [1972] agrees stating, ’’the data available cor- 
relatitg opacity change to direct observations of microvascular activity 
suggests that amplitude of the opacity pulse wavs is related more closely 
to changes in flow velocity than necessarily to changes in volume flow." • 
For observations over larger non-microscopic areas, the integrative effect 
of all the vessels and the effect noted by D'Agrossa and Hertzraan of the 
increase in opacity DC level caused by increased vessel diameter murc.be 
taken into account, l^hether the photoplethysmogram is best described by 
particle velocity or by the percent volume of blood in the skin is a con- 
jecture at this time. ' In any event, the use of the opacity pulse to de- 
’termine the arrival of the pressure pulse in the tissue seems to be .valid. 
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Tiie lellecLluu ul llguL Iruui tiUe LlSbUe) Llieu, shows chaagss 
due to the inflow of blood with each heartbeat as well as changes occur- 
ring over a longer time course caused ty- various effects. Factors which 
may influence the pulse with each heartbeat include j increased blood 
volume in systole,' changing distribution of the blood volume from a sin- 
gle heartbeat, changes in blood velocity through the microvessels and 
possibly changes in the refractile properties of the wall itself with 
change in transmural pressure gradient and vessel wall thickness [Heck, 
1972]. Changes occurring at a rate independent of heart rate include; 
changes in volume and velocity of flow caused by pressure gradients due 
to the respiratory cycle or vasomotor activity, changes in concentrations 
of oxygenated and reduced hemoglobin, changes in hematocrit, contraction 
of underlying muscle in the region being monitored as well as other ef- 
fects such as the gravitational force on the blood column, and changes 
in arterial pressure. Control of vasoconstriction is at both local and 
central levels. Changes in local temperature and core temperature cause 
changes in blood flow to the extremities. Also, circulating hormones 
affect vasoconstriction as well as signals from the sympathetic nervous 
system. 

So far consideration has been given only to the opacity pulse 
monitored in the microcirculation. It is also possible to use the photo- 
plethysmograph to mov.itor volume pulses in the major surface arteries. 
This was first noticed by Hertaman [1938]. He found that the movement 
of the skin in the vicinity of pulsating arteries, such as the radial 
artery, could be monitored by a light and photocell located strategically 
pver the artery. Weinman [1965] claims that the actual pulsatile change 
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in arterial diameter can he monitored althoiiPrh it is not clear that 
this effect is not due to movement of the transducer caused by pulsations 
of the artery, since he says that "one has to be careful to use the uiini- 
mum pressure sufficient to hold the transducer in place, othen-rise a 
distortion in the shape of the blood volume pulse will occur." Further 
experiments [Weinman, 1972] show that while monitoring pulses from larger 
peripheral arteries an inverse plethysmogram may be obtained. That is, 
instead of recording the norms 1 "more blood = less light" it was found 
that in certain locations near major arteries the inverse relation, '‘more 
blood s= more light", was found. Investigations of pulses from agar flocks 
with imbedded blood-filled rubber tubings showed that the photosensor 
output contained three components: "A) due to the absorption of back- 
scattered light by the blood-filled tube; B) due to reflection from the 
background (blocks were placed on both white and black surfaces); C) due 
to reflection from the tube surface. The relative intensity of these 
three components sometimes creates conditions which are responsible for 
the appearance of the inverted plethysmograms . " Although this idea 
seems reasonable, it is also possible to explain these findings by the 
fact that the skin in the vicinity of the pulsating artery moves in two 
directions. The shin directly over the artery, moving upwards, while 
the skin displaced from the center of the artery moves slightly down and 
laterally. Also, if the transducer wers not fimnly enough attached to 
the skin, the pulsations of the artery could have, various effects on 
the transducer-skin interface. Another factor which must not he over- 
looked ig that the flow into the vascular bed over the artery could be 
influenced by the pulsations of the underlying artery, with the result 
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that in certain regions the pressure of the cirtery pressing the skin 
against the transducer could actually cause a decrease in skin perfusion 
near the artery during systole. Other experiments by Weinman [ 1972 ] with 
simultaneous recordings of intra-arterial pressure and arterial plethys- 
mograins led to the conclusion that the plethysmogram does actually re- 
flect blood volume changes in the artery and consequently variations in 
arterial diameter. Indeed it seems as though quite good tracings can be 
recorded from the carotid artery (see Figure 13 ), however, this may be 
the result of movement of the transducer over the artery. The photo- 
plethysmograph seemed to be a promising method to monitor blood pulsations 
at various points on the body. It was felt that if the signal from the 
major arteries could not be used successfully, it might be possible to 
monitor blood flov7 into the vascular bed of the skin on the back, which 
might give a good indication of pulse wave velocity j.n the aorta. 


PHOTOELECTRIC TRANSDUCER 


Development of an adequate |:hotoelectric transducer, which 
will be highly sensitive and relativelj free from movement artifacts is 
an important consideration. It was initially thought that a differential 
technique could be used to reduce noise due to ambient light and movement 
artifacts caused by slight changes in the geometry of the transducer- 
skin interface. This technique has been used by Bracale et al. [1969] 
and Puller [1972]. They consider the principle of operation to be that 
the blood absorbs light more strongly in the red region of the spectrum 
than in the blue and green regions. Therefore, if two photosensitive de- 
vices are used side by side as shovm in Figure A, the red filtered cell 
will receive a stronger pulse signal than the green filtered one. How- 
ever, noise artifacts caused by ambient light and movement of the trans- 
ducer should affect both cells relatively equally. Considering Sr and 
Sg the pulse signals from the red and green channels and Hr and Ng the 
noise signals from the red and green channels, it is seen that the signal 
to noise ratio will he different for the two channels; 

Nr ^ Ng 

When the gain of the green channel is adjusted so that the artifacts on 
both channels will have equal amplitude, that is. Nr = Ng, the pulse 
signal will still be greater in the red channels The subtraction of the 
two signals, in a differential amplifier should cause cancellation of 
the noise signals, while the pulse signal will still remain. 
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Bracale et al. [1969] descrll-es experiments in which a dif- 
ferential phototransducer is used in vi tro to reduce noise from a clear 
rotating disk filled with blood. The disk contained blood at two concen- 
trations and a semitransparent strip on the disk is used to produce the 
noise signal. Indeed, using the differential technique reduced the noise 
amplitude for this in vitro experiment. However, results from in vivo 
experiments were not sho\rm. ^^hether this technique is useful for patient 
monitoring must still be decided. 

More recently. Fuller [1972] has built and tested a different- 
ial phototransducer. It is difficult to judge from his report what type 
of noise is actually eliminate by his device, but it seems as though 60 
cycle noise from room lighting can be greatly reduced, along with other 
noise which may be due to movement although he doesn't say this. The 
device was physically too large to be used conveniently over most areas 
of the body. It seemed that Fuller's device was not really adequate, 

for testing purposes, because of its large size, inadequate shield- 
ing from ambient light, and the large distance betv7een the photosensors. 
Therefore, a smaller device was designed and constructed from an indicator 
lamp socket as shown in Figure 5. Type 1H2175 photodiodes with sensitiv- 
ity of 22,3 uA/mw/cm and a broad spectral response were used as the 
photosensors. The first stage of amplification (see Figure 6) was mounted 
directly on the lamp socket to help reduce noise. An infrared filter 
(Kodak S9-B wratten gelatin filter) or a red filter were used for the 
"signal" channel, while a green filter with peak transmittance at 5000 A 
(Kodak 64) or a blue filter with peak transmittance at 4200 A (Kodak 47-B) 
were used to monitor the "noise." The gains of the amplifiers were adjusted 
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so that the noise caused by slight movements of the transducer on each 
channel x-zns of equal magnitude. The signals x?ere subtracted and displayed 
using the oscilloscope. As can be seen from Figure 7, the outputs from 
both channels were nearly equal in magnitude. Thus, subtracting the sig- 
nals resulted in not only reducing the noise, but reducing the signal to 
a large extent, as Xvrell. For large magnitude signals as obtained from 
highly perfused skin areas such as the finger tips, it is possible to jug- 
gle the g£.in so that a good signal results and the noise level may be 
slightly reduced. However, the gain needed seems to vary over long per- 
iods of time and X'jith slight change in position of the transducer, pos- 
sibly due to changes in skin color and geometry of the skin-transducer 
interface. It can be also seen from Figure 7 that the signal from each 
channel is relatively free of noise compared to signals obtained by Ful- 
ler’s [1972] device. Also, in contrast to Fuller's findings, it was 
possible to obtain relatively good signals from regions such as the stom- 
ach and back, from each channel individually. However, when the channels 
were subtracted the signal level -was too close to the noise level ^of 
the amplifiers and photodiodes to be useful. Figures 8 and 9*^ show sig- 
nals obtained from the stomach and hack respectively, for a single chan- 
nel and the two channels added to increase the gain. Results were simi- 
lar for all combinations of filters. Because of the poor functioning of 
the differential device, it was decider' to analyze more carefully th'': 
function of the device using a very simple model. If one considers two 
wavelengths of light, and S, the reflectance of the skin; V^(t) 
the volume of blood varying with time; A, the absorption coefficient 


FIGDKE 7 


Top: Green Filtered Fingei; Pulse 

Bottom; Red Filtered Finger Pulse 


FIGURE 8 

Stomach Pulse, Red Channel 


FIGURE 9 

Back Pulse, Channels Added 
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of une bluuJ; G(t), tiie geuiucLilc lacLoi. Tot Lae £»kia-t*IioLoCell iuLet — 
face; and L^, light incident. Then the output X for the channel 
can be found approximately from; 

X(Xp = L^G(t)[S(Xj^) - V^(t)A(X^)3 

The output from the X^ channel can be found approximately from; 

X(X2> = LjG(t)[S(X2: - V^(t)A(X2> 

If X(X 2 ) is scaled by Y and subtracted from X(X^) the differential out- 
put can be found. 

X = X(Xp - YX(X2) = L^G(t)[(S(Xj^) - YSVX 2 )) - V^(t)(A(X^) - YA(X2>)] 

If Y ic chosen to cancel the effects of transducer movement with respect 
to the skin: 

S(Xj) - YS(X2> = 0 

so that, 

X = L^G(t)[-V^(t)(A(X^) - YA(X2»] * 

It is seen that the variance of the geometric factor will still affect 
the pulse signal, so that from this analysis the differential technique 
cannot completely reduce the noise. Furthermore, an approximation of 
the signal to noise ratio can be made for the single channel and the dif- 
ference of the channels signals. For the single channel at frequency 

X-, the pulse signal will have magnitude, of approximately L.V, (t)A(X.) 

X X o JL 

If the geometric factor, G(t) is considered equal to one in the normal 
position, \ftien movement of the transducer occurs, G(t) will vary, so a 
noise signal of approximately L^G(t)S(X^) will result since the factor 
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-L.G(t)V, (t)A(XT ) is negative and will tend to reduce the noise level 
2. O 1 

t 

to a degree. Then, in the worst case, the signal to noise ratio for the 
channel is approximately: 

V^(t)A(X^) 

6(t)S(X^) . 

For the difference equation the pulse si.gnal amplitude is similarly 
LjVj^(t)[A(X^'| - YACX^)], and the noise will be L^G(t)[A(X^) - YACX^) ]. 

So the signal to noise ratio is then: 

• 

G(t) 

Since S(Xj^) > A(X^), it is seen that the differential signal will gener- 
ally have, a greater signal to noise ratio than the single channel signal 
as long as L^V^[A(Xj^) - YA(X 2 )] is sufficiently large to keep the signal 
level much greater than the differential mode noise in the system* For 
low level signals, as obtained from the back, the differential technique 
unfortunately does not give good results because of the low signal levels. 

It was decided to concentrate on construction of a small, sin- 
gle channel, extremely sensitive photoplethysmograph. A transducer was 
built from- a 14 pin IC socket. Holes were drilled for a pinhead sized 
LS600 phototransistor and a 715 miniature light. The device worked well, 
but the sensitivity was not great enough to record signals from the back 
or stomach. In a personal communications, Weinman tl9723 Indicated that 
a photbcondtictive cell might perform better for this applicatibh j since 
its detectivity is nearly the same as a phbtodlode^s and it is more iiii-r 
mune to environmental noise because of its greater output Signal , The 
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photoconductive cell has certain disadvantages, in that its output is 
temperature and light history dependent, and the rise time is slow com- 
pared with' a phototransistor. However, for the purpose of pulse moni- 
toring the output may he’AC coupled so that drift caused by temperature 
or light history dependence should not be a problem. Also., Weinman and 
Yaakov [1965] indicate that the response time of GdSe photoconductive 
cells is only 8 to 10 msec, to reach 63% of their final value. This is 
equivalent to an upper 3 db point of 16 to 20 cycles per second. This 
Is probably quite adequate for reproducing the high frequency components 
of the systolic upslope without great attenuation. The GdSe photocon- 
ductive cell has advantages, in that it is readily available, rugged, 
low in cost, and easily instrumented, A GdSe cell photoplethysmograph 
was therefore built as shown in Figure 10. This was modeled after a trans 
ducer described by Weinman [1967], Two miniature, 715, 5 volt lamps are 
used to illuminate the tissue. A Clair ex GL903 photocell .21 inches 
In diameter and ,15 inches high is used to monitor reflected light. Both 
the bulbs and the photocell are force fit into cutouts in an one-eighth 
inch thick, black rubber mount. Shielded twin lead phonopickup cable 
is attached to the bulbs and the photocell. The leads are anchored to 
the rubber by means of heavy black thread sewn to the- rubber. Another, 
thinner black rubber piece is used to cover the wiring and. back of the 
components. The front and back are held together by means of narrow 
bands of Scotch "magic” tape. The tape also covers the bulbs to help 
diffuse the light and slightly insulate the skin from the hot btilbs , To 
help reduce noise from ambient lighting, an infrared filter , type 
89B* is taped over the photocell. This filter has almost no effect on . 
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che signal from the blood volume pulse, while' greatly reducing noise 
from room lights. The complete device is light in weight, compact, and 
rugged. Also, it is easily mounted by tape or straps to almost any rart 
of the body since the rubber mounting surface allows the transducer to 
fit body contours, while still providing a fairly good seal for prevent- 
ing stray light from reaching the photocell or skin surface under the 
transducer. 

Instrumentation for the photoplethysmograph is shown in fig- 
ure 11. Changes in light level with the blood volume pulse cause cor- 
responding changes in the conductance o_* the- photocell. More blood 
causes a reduction in light reaching the cell which causes a decrease in 
conductance of the cell. This decreases the current through the cell, 
which appears as a decrease in voltage across the potentiometer. This 
level is amplified by an AG amplifier with a cutoff frequency of .16 Ha. 
This cutoff frequency according to Weinman and Yaakov [1965] is adequate 
for good reproduction of the pulse waveform, while still retaining a 
fairly good baseline stability. For certain experiments, the DC level 
of the signal was needed. This was obtained by placing a DC amplifier 
with offset voltage adjustment in parallel with the AC amplifier. By, 
■waiting a few minutes for temperature stabilization of the cell, DC 
level changes over short periods can he recorded. The lamp intensity 
Is controlled by a potentiometer, and should be set at the highest in- 
tensity 'wuich will not cause pain from the heat of the bulbs, if maximum 
signal levels are required. 

Results with this device are quite good. Large signals are 
* 

easily obtained from the fingers. Signals from other regions, such as 
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the back and stomach are of smaller amplitude because of smaller tissue 
perfusion in these regions, however, after a minute or so, the heating 
effect of the lamps causes an increase in skin blood flow which then 
gives good pulse signals. Typical output waveforms are shown in Fig- 
ure 12. Since this photoplethysmograph, although possibly not the best 
possible gives adequate signals for further physiologic experiments, 
two identical photoplethysmographs with dry cell battery supply were 
mounted in a 5" x 6" x 9" aluminum box for clinical use. 


FIGJEE 12 
Top: Finger Pulse 

Middle; Upper Back Pulse 
Bottom: Lower Back Pulse 
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EXPERIMENTS 

1, Pulss Sensing in Major Arteries 

The photoplethysmogram can be used in two inodes to pick up 
pulses from the major arteries as previously mentioned. It was found 
that in most normal patients the device can pick up quite good carotid 
pulse signals if the transducer is held lightly over the carotid art- 
ery directly under the chin with an elastic strap. In this case it 
r that the transducer is actually moved by the pulsation of the 
y so that the geometric factor of the light-skin Interface changes, 
s gives tracings that very closely resemble the normal carotid 
pulse (see Figure 13). The signal is easy to locate, hut since the 
transducer is not firmly attached to the skin, patient movements cause 
artifacts and may shift the transducer out of position. Depending on 
positioning and strength of the mechanical pulsation, this mode of op- 
eration produces signals two to ten times greater in amplitude than 
the other mode, in which the transducer is held quite firmly over the 
carotid artery in the mid-neck region (see Figure 14) . In this case,, 
it seems possible that the signal is caused by the change in skin re- 
flectivity in the region when the artery changes diameter. However, 
other factors such as blood flow to the skin under the transducer and 
slight movements of the transducer may also be influencing the signal. 
This method seems quite immune to movement artifacts as can be seen in 
Figure 15b. This figure shows the pulse signal from the carotid artery 
in the mid-neck region when the head is turned. A second channel in 
this figure shows for comparison the output from a doppler ultrasonic 
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transducer mountiid over the other carotid artery. It is seen that the 
photoelectric transducer iri this mode of operation is less sensitive to 
movement than the doppler ultrasonic device. Although the carotid pulse 
is easy to find, more difficulty is experienced in monitoring the femoral 
pulse. On cooperative subjects, it is possible to monitor the femoral 
pulse by lightly strapping the photoelectric transducer directly ov’ir 
the artery. However, any patient movement gives rise to noise, and often 
causes loss of the signal. I'his same problem of course occurs ^ri.th the 
doppler ultrasonic probe as well. For use on cooperative subjects, a 
mechanical type transducer as already described probably functions as 
well as the photoelectric or doppler ultrasonic transducers. In cases 
where the patient is apt to move frequently, there is presently no good 
way to monitor the arterial pulsations. For this reason a new approach 
to the problem of measuring pulse wave velocity was tried. 

2. Experiments on the Back 

TJhen there is adequate blood flow to the skin of the hack, 
very good pulse waveforms may be recorded using the photoplethysmogram. 
Furthermore, if the transducer is firmly attached to the skin, for ex- 
ample by an adhesive tape such as Elastoplast, the signal is relatively 
iusensitive to artifacts. Figure 16 illustrates the output from the 
photoplethysmogram, mounted with Elastoplast directly under the scapula 
about 4 cm from the spine. This tracing was taken as the patient was 

walking normally. It is seen that the signal is relatively loise free. 

* 

Other movements, such as arm movements don't greatly affect the signal 
either. Therefore, it seemed advantageous to monitor the pulse on two 
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reglons of the back. Although this method doesn't directly measure the 
pulse vave velocity In the aorta, it he possible to -correlate the 
signals from the back with the aortic culse wave velocity. It can be 
seen from Figures 17 and 18 that the arteries which vascularize the skin 
regions in the back come directly from the aorta at various levels 
[Sabotta, 1957]. Tliis can be schematically represented as shown in Fig- 
ure 19. It may be possible to find two arterial paths from the aorta 
to the skin which exhibit similar pulse propagation times. Or it may be 
possible to find two paths whi-'h show s specific difference in delay 
times under varying physiolopi-C conditions. If so, the aortic pulse 
propagation time between the origin of these tV 70 branches may be deter- 
mined. For example, if t^ equals t^, then the time delay of the pulse 
from A to B is equal to - T^. Difficulties, of course, arise in 
finding the regions of the skin C and D where the time delays from the 
aorta will be equal or always differ by a given amount. 

The idea of measuring pulse propagation times from the skin 
of the back, therefore, seemed quite interesting and unique, since it 
seemingly has never been done before. So, experiments v;ere performed 
to determine if the propagation times to regions of the back in any way 
reflect the aortic pulse wave velocity. Time delays from the carotid 
pulse (measured also with a photoplethysmograph) to regions of the back 
were measured on a number of normal subjects, age 21 to 25 years. Tne 
results are shown in Table 3 and the graph in Figure 20. The time de- 
lays were measured from a high speed (125 mm/ sec) chart recording as 
shown in Figure 21. The average time delay for a few beats is computed. 
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TABLE 3 


DISTANCE FROI-[ TOP OF THE 

SHOULDER IN CM IN A VERTICAL CAROTID TO BACK 

LUTE 7CM FROM SFITTE TIME DELAY IN MSEC a 
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24 


4.8 
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28 


5.1 

12 


30 


5.0 

18 


30 


4.8 

24 


44 


4.8 

30 


64 


9.0 

36 


72 


6.0 

42 


80 


3.6 

48 


88 


4.0 
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28 


4.0 
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36 


3.0 

18 


40 
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4.0 

48 
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16 


5.1 
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It is seen that the time delay increases with distance in most regions. 
However, the upper back regions exhibit a different slope of distance 
versus time delay. This can be explained from the way this region is 
vascularized. The blood supply to the upper back is from the first, 
second and third intercostal arteries and the subclavian (shoulder) 
artery. These intercoscals originate close together in the descend - 
ing aorta and travel upwards to the intercostal spaces. Therefore, 
their paths to the skin are longer than the paths from the lower inter- 
costal arteries to the skin. 

The pulse wave velocities computed from this data are well 

within the range of normals for this age group determined by Nielsen 

et al. 11968]. It was felt therefore, that this technique deserved 

further attention. A more detailed map of the propagation times to 

various regions of the back was made on two subjects. To facilitate 

processing of the recorded data, the signals from the transducers are 

filtered by a linear phase-shift low pass filter and then differentiated 

by the networks shown in Figure 22. This is similar to methods used 

\ 

by Brown [1972] and Weinman [1971]. Typical output from the 10 Hz fil- 
ter and the differentiator are shown in Figure 23. A counter-timer is 

I , * 

set to trigger on the upslope of the differentiated signals. The trig- 
ger pulses from the counter-timer are also used to start and stop a 
mllllserond clock attached to the analog input of a NOVA mini-computer. 
An oscilloscope is used to set the trigger levels and monitor the re- 
corded signal. For each heart beat, the delay time between the two sig- 
nals may be read from the counter-timer and stored simultaneously In 
the computer. A plotter routine for the computer is used to plot the 
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FIGURE 23 

Top: Differentiation of Filtered SlgoL.^. 

Bottom: 10 Hz Lowpass Filtered Signal 
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Llme lu uillllbecuuus Tut e<icli uedLLueaL. Tue average time delay 

for the entire interval of the plotted data is also computed. Values 
due to mistriggering or noisy signals are ignored. Typical data plots 
are shown in the following figures. It is seen that there is great 
beat to beat variability in the delay time. The time delays appear 
cyclical in nature with a period of about five heartbeats. However, 
the average values, even over fairly long intervals (10 minutes) seen 
to remain constant within a few milliseconds. The averages of carotid 
to back time delays are shown for different regions in Figures 24 and 
25. The absolute values shown, of course, reflect to some degree the 
effects of triggering; however, the relative delays for the different 
regions are fairly accurate and are similar to those found when the same 
data is spot-checked by measuring delays on a strip chart recording. 

The strip chart recordings also show a similar variability in delay 
times. The two back plots indicate chat the delay times, in general. 
Increase with increasing distance from the heart. However, inconsist- 
encies do appear. 

The beat to beat variability in delay times shovm in the com- 
puter plots is quite large. This may be due to blood pressure changes 
during respiration as well as other spontaneous pressure changes in- 
fluencing the pulse wave velocity. The rhythmic variations in dia- 
stolic rtessure due to respiration ma: be as great as 10 mm Hg [Sel * 
kurt, 1971]. The pressure usually decreases with Insp ^ration and in- 
creases during expiration. Tursky et al. [1972] report that the total 
magnitude of Che natural variation of systolic and diastolic pressure 
.due to sinus arrhythmia and other beat tc beat fluctuations may be 
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much larger. They found variations of blood pressure in five subjects 
over a period of fifty heartbeats ranged from 10 to 34 mm Hg. These 
large variations, of course, should greatly alter the time delays. 

It was decided to further investigate the effect of the res- 
piratory cycle on the time delays, as well as the effect on the bloovl 
volume pulse signal. To this end, a simple, yet reliable, respiration 
monitor was constructed. The device consists of a 10 K potentiometer 
with levers attached to the body and the wiper shaft. The device is 
strapped onto the chest by two alligator clip leads around the torso 
attached to the lever arms. The lever arms are held together by a rub- 
ber band. As the chest expands during inhalation, the lever arms are 
pulled apart, thereby moving the wiper arm and changing the resistance 
of the potentiometer. This change can be measured by biasing the pot- 
entiometer with a fixed voltage and measuring the voltage of the wiper 
arm with respect to ground. Using this device to monitor respiration, 
time differentials were measured on a subject (see Figure 26). It is 
seen that indeed, the cyclical variability of the delay times corres- 
ponds to the respiratory cycle. During inspiration, there is an in- 
crease in the time delay, which would correspond to a decrease in pulse 
.wave velocity. This finding is consistent with the fact that inspiration 
causes a decrease in blood pressure. However, the large changes in time 
delays seem to be in disagreement with results of Goldberg [1972] why 
found that for a pressure change of 10 mm Hg the’ changes in delay time 
should be in the range of 10 to 20 percent of the average time delay. 
Therefore, further effects of respiration were Investigated. The photo- 
plethysmograph responds to the blood volume level as well as the blood . 
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volume pulse. Changes in blood volume level were also noticed to 
correspond to respiration. Figure 27 shows the baseline variation with 
respiration of a signal from the upper back region. It is seen that 
during inspiration the baseline of the pulse signal shifts in the dlr- 
rectlon of "more blood." Since inspiration decreases the intrathoracic 
pressure, one would expect an increased venous return during lnsplra::ion 
and therefore, less rather than more blood in the skin. Heck [1972] in 
fact did find that inspiration caused a decrease of blood in the skin. 

To try to further understand these discrepancies, other experiments were 
undertaken. It was thought that possibly the AC coupling used introduced 
a large pha'-a shift in the baseline variations. However, Figure 28 shows 
that the phase shift between the AC coupled and the DC signal is quite 
small. To alleviate the possibility that the baseline shirt was caused 
by transducer movement during respiration, the finger pulse was monitored. 
Experiments on the finger pulse Indicate that the baseline variation of 
the signal depends on the depth and rate of respiration. Figure 29 shows 
that for rapid respiration, inhalation causes an increase in blood in the 
skin. Slower breathing as shown in Figure 30 causes a decrease in blood 
with inspiration. These findings indicate that .the system has a varying 
phase response, possibly due to the RC nature of venous drainage. Other 
findings of interest are shown in Figures 31 and 32. Here the venous 
return is blocked by constricting the veins or raising the intratho.*acic 
prissure by a valsalva maneuver (forced expiratory effort against a 
closed glotls). The photoplethysmogram shows the expected increase in 
blood level due to reduction in venous return. 



FIGURE 27 

Top; Upper Back Signal, Up Denotes More Blood 
Bottom: Respiration 


Figure 28 

Top; DC Coupled Back Pulse 
Bottom: AC Coupled Back Pulse 
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FIGURE 30 

Pulse and Respiration 


FIGURE 29 

Finger Pulse and Respiration 
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FIGURE 31 

Effect on Finger Pulse of Clamping 
Upper Veins 


FIGURE 32 

Valsalva Maneuver Begins 
at Arrows 
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An analysis was made by Weinman [1971] to determine the effect 
of a rising or falling baseline on the position of the arterial pulse 
wave foot. He derives a formula for the shift of the pulse foot based 
on a sine wave approximation to the pulse shape: 

2 

t = -n/w in seconds 

where : 

n ** the number of pulse wave amplitudes the baseline rises 
or falls in one second 

w = 2ir times the sine wave ft aquency which best approximates 
the foot of the pulse wave. 

In the worst cases i n was approximately equal to 1 and w approximately 
12.5 giving a delay of about 7 msec. Since the baseline of both trac- 
ings from the back rise or fall together, the effects will tend to can- 
cel when the time difference is computed. Therefore, the rising and 
failing baseline should have little effect on the delay times measured. 

The question, then, of the large variability in delay time re- 
mains unanswered. It is noted however, that other investigators using a 
photoplethysmograph to measure delay times have also found large beat to 
beat variability in their measurements. Weinman et al [1971] found beat 

I 

to beat variations of up to 25 msec, in pulse wave velocity studies of 
the human lower extremities. Also, Heck and Hawthorne [1969] found simi- 
lar variability in propagation time of the pulse to the conjunctiva of 
dogs. This variability also appeared largely syncronous with the res- 
plra-’ory cycle. It seems likely, then, that the blood pressure variabil- 
ity with respiration and spontaneous changes in blood pressure has an ex- 
aggerated effect on pulse propagation times through the smaller non-major 
arteries leading to the skin. 
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Measurlng pulse wave velocity on the back, therefore, presents 
two major difficulties. The first is the large beat to beat variation 
In time delays. This may be partially surmounted by averaging over a 
number of beats. The second problem is to find regions on the back where 
the delay from the aorta to the skin will be relatively the same. How- 
ever, there presently seems to be no way to nonlnvasively determine the 
delay from the aorta to the skin surface. To test the basic validity of 
the idea of measuring pulse wave velocity on the back, experiments were 
performed with one transducer mounted at. a point under the scapula about 
4 cm to the left of the spine. The second transducer was placed verti- 
cally below this level- vrith the top of the pelvis. The distance between 
the transducers was approximately 30 cm as compared vrith 37 cm which was 
found by Nielson et al. [1968] to be the average distance used when com- 
puting pulse wave velocity from the carotid to the femoral artery. Iso- 
metric contraction of one hand was used to raise blood pressure above the 
normal resting level. Goldberg [1972] found that this type of conL.a. tion 
could raise diastolic pressure up to 40 mm Hg. In some cases the iso- 

• V 

metric contraction was followed by a decrease in pulse propagation delay 
tiir^s. This can be seen in the following plot labeled "Isometric." Here 
the average time delay decreased slowly until it reached a value about 
15 msec shorter than the normal resting level of 80 msec. However, in 
tests on most subjects isometric contraction seemed to have no consistent 
effect on the pulse propagation times. In a similar experiment, time 
delays from the upper to lower back were measured on a patient while his 
brachial arterial pressure was monitored by sphygmomanometrlc technique. 
Results are shown in Table 4. The time Intervals shown represent the 
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TABLE 4 


CONDITIONS 

PRESSURE 

TIME DELAY MSEC 

Normal 

107/68 

40 

Normal 

107/68 

39 

Normal 


39 

Normal 


38 

Normal 


39 

Normal 


39 

Normal 

107/68 

39 

Isometric 


37 

Isometric 

115/68 

37 

Isometric 


37 

Isometric 

125/75 

33 

Isometric 

135/94 

27 

Isomet rlc 

140/98 

27 

Isometric 


28 

Normal 

110/70 

30 

Normal 


29 

Notmal 

110/70 

29 

Normal 


31 

Isometric 

125/80 

28 

Isometric 

140/100 

28 
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average values determined by the computer for approximately a one minute 
interval. It is seen that the time interval does indeed fall as the 
pressure rises. However, as the pressure returns to normal, the time de- 
lay does not return to normal. This was checked to be sure it was not 
due to a triggering error by using a strip chart recording. This result 
implies that there are some other factors besides pressure which help 
determine the propagation times. As a final check of this, time delays 
were measured simultaneously on a subject between the high and low back, 
and the carotid and femoral arteries. Mechanical transducers were used 
to record the carotid and femoral pulsations as was done by Goldberg 
[1972]. Figure 33 shows a typical strip chart recordiiig from which the 
time delays were measured. Time delays for many beats were measured. 

Some typical data points are plotted in Figure 34. Results fairly con- 
clusively shoxi? that the carotid to femoral time delays definitely follow 
to some extent changes in blood pressure, caused by isometric hand con- 
traction or a valsalva maneuver. However, it seemed that in most cases 
the high back to low back time delays varied independently of the. carotid 
to femoral delay times and therefore showed almost no dependence on pres- 
sure. Also, the variability of the back delays was greater than that 
seen in the carotid to femoral propagation times. 

It appears, therefore, that pulse propagation through the smal- 
ler arteries leading from the aorta is highly variable. Heck and HaTTthorne 
[1969] noted that the pulse propagation time to the conjunctiva vascular 
bed was dependent on any vascular changes. In one experiment on dogs, 
for instance, they noted that an arterial dilatation of 30% as noted in 

4 

the vascular bed gave rise to an increase of 7.13% in the time delay 
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between the R wave of the EKG and the pulse arrival at the eye. Con- 
striction of the arteries is associates with a decrease in the time delay. 
These chrnges were found to occur sportaneously. Sponcaneous rhythric 
fluctuations in blood flow not associated with respiration are also noted 
by Tatai et al [1962] in photoplethysmugraphic studies of many body re- 
gions. The fluctuations in symmetric areas on opposite sides of the 
body, for instance the right and left ear lobes, were found to be indep- 
endent. The mechanism for these changes is thought to be contraction 
and relaxation of the vascular smooth muscle of arterial walls as well as 
the precapillary and venous sphincters. Another factor which Influences 
propagation time has been noted by Heck [1970]. He found that digital 
compression of the carotid artery caused a marked increase in the time 
delay from the R wave to the appearance of the pulse at the ear lobe. He 
is further investigating the possibility of determining partial one sided 
occlusion of the carotid arteries by comparing pulse propagation times 
to various regions of the face. His initial results look promising. 

The possibility of monitoring aortic pulse wave velocity from 
the pulse arrivals in the skin of the back, therefore, seems quite remote. 
The pulse propagation times through the diffuse arterial bed leading to 
the skin is too variable to give consistent results; 
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DIREGTI0K5 TOR FURTHER RESEARCH 

While experimenting with the photoplethysmograph many paths 
for further research have been opened. Some of these are included in 
this section. 

1. Patency of Veins 

From Figures 31 and 32 it is seen that the DC signal level of 
the photoplethysmogram is highly dependent on the venous return. Since 
the veins are basically capacitance vessels, changing conditions such 
as release of a clamped vein as in Figure 31 gives rise to an exponential 
type Curve. Preliminary results indicate that by placing a photoplethys- 
mograph on each leg or toe it is possible to compare the exponential cur- 
ves for venous drainage from each leg during changes in posture or a 
valsalva maneuver. Figure 35 shows tracings from the right and left leg 
of an Individual as he changes his posture from sitting xvLth legs extended 
horizontally to lying. Both legs exhibit similar curves for the ^rain- 
age of blood from the veins. However, when the veins of the left leg 
are blocked fay a tourniquet, the discharge curve for the left leg. shows 
a change. This change would be greatly inhanced-if a tilt table were 
used to change posture more drastically. Further research in this area 
should be tdone to determine normal curves and the practicality of this 
technique for diagnosing venous occlusive disease. Other information 
about the inflow outflow characteristics of the circulatory system may 
also he gained from these experiments. 



FIGURE 35 

! 

Venous Drainage Experiment 
Top: Right Toe 

Bottom: Left Toe 



FIGURE 36 
Top: Right Toe 

Bottom: Left Toe, Band on Leg 
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2. Circulatory Magnitude and Phase Response 

It is possible to monitor , the baseline shift of the blood 
volume in the skin during the respiratory cycle. Controlled experiments 
with varying depth and rate of respiration might yield interesting mag- 
nitude and phase plots of the system. Modeling as a resistance and cap- 
acitance network may be possible. 

3. Plot of Pulse Arrival Times on the Back 

Careful plotting of the pulse arrival times in different re- 
gions of the back may be possible. If enough points are plotted a map 
of these arrival times may be useful in exploring flow patterns to the 
skin. Comparison of the map with the pattern of vascularization of the 
back shown in Figure 18 may prove interesting. It may be possible to 
locate the exact regions where the deeper arteries come through the 
muscular body layers and reach the skin. Limitations, of course, will 
be great due to the large spontaneous variability of the time delays. 

4* Nature of the Photoplethysmographic Signal 

% 

* 

To intelligently use the photoplethysmogram it is Necessary , 
to better understand the phenomenon involved in producing the signal. 

A few theories of the operation have already been mentioned, however 
there is still no total agreement on what actually accounts for the photo- 
plethysmographic signal. Further experiments on animals, with attention 
to the microscopic circulation and formulation of new theories are nec- 
essary. 


IpdJ 


- 104 - 


COKCLUSION 

A technique for laeasuring pulse wave velocity through monitor- 
ing the blood volume pulse at two loca'cions on the skin of the back has 
been explored. It seems this technique does not give good results prob- 
ably due to the complex mechanisms affecting the pulse propagation from 
the aorta to the skin at various locations. 

Different types of transducers including the differential 
photoplethysmograph, the photoplethysmc>graphj and the doppler ultra- 
sonic transducers have been built and tested to see if they might offer 
* * » 

alternatives to mechanical transducers which are highly subject to move- 
ment artifacts when used on ambulatory subjects to monitor carotid and 
femoral pulses. At present, it appears that none of these devices are 
adequate for monitoring ambulatory patients. For use on cooperative 
subjects, the photoelectric and doppler ultrasonic probes are good, but 
not significantly better than mechanical transducers. It is felt that 
ill time,' with the onset of new methods and new techniques, it mayvbe pos- 
sible to monitor arterial pulsations on ambulatory subjects. Then the 
.relationship of blood pressure to pulse wave velocity may be more fully 
explored. 
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THE CARDIOVASCULAR MONITORING SYSTEM 


I. General Description 

The Cardiovascular Monitoring System (CMSJ is intended 
to monitor diastolic blood pressure (BP) and heart rate (HR) 
in a non-invasive manner on a beat-by-beat basis. It is 
suitable for use in assessing cardiovascular conditioning 
in cooperative subjects at rest, and is particularly well- 
suited for lower-body negative pressure experiments. 

The propogation velocity of pulse waves in the aorta 
is a function of diastolic blood pressure. Furthermore, 
pulse v/ave propogation velocity is approximately propor- 
tional to where AT is the time between onsets of the 
carotid and femoral pulse waves, (See Appendices A and B) . 
The CMS detects both pulse x*;aves and measures the differ- 
ence between their onset times (AT) , Diastolic blood 
pressure is then calculated according to the linear equation: 


BP 


r-i: 
50 ‘■AT 


- P 
o 


where M, and P„ are constants. The CMS also calculates 


instantaneous heart rate, which is computed from the pulse 
wave signals or the EKG. 

The pulse waves are detected using contact microphone 
transducers which are positioned firmly against the shin 
over the carotid and femoral arteries. The resultant signals 
are amplified, differentiated and then filtered to reduce 
the amplitude of baseline shifts, movemeht aft if acts and 


other noise which might obscure the pulse wave. Further 
noise reduction is obtained by correlating the pulse signals 
with the EKG. Using the QRS complex ^ a time interval (or 
window) is established during which the carotid pulse must 
occur. The instrument is sensitive to inputs from the carotid 
transducer only during this window, and thereby rejects 
improperly timed noise. 

The EKG is amplified and filtered to attentuate base- 
line shifts, muscle noise and most of the T-Wave. A QHS 
complex is detected whenever the filtered signal exceeds 
50% of its previous peak amplitude. The carotid window is 
opened 60 msec, after the QRS and closed after a carotid 
pulse is detected, or 200 msec, after the QBS, whichever 
comes first. 

An analogous procedure- is applied to obtain a femoral 
window. The femoral pulse is predicted by a carotid pulse. 
Therefore , the window is opened at the onset of a carotid 
pulse and closed after detection of a femoral pulse or after 
280 msec- , whichever comes first. 

The principal task of the CMS is to determine -the onset 
times of the carotid and femoral pulses. However, this 
is not easy. As one can see by looking at a strip chart trac- 
ing, the upward slope of a pulse wave is not very steep 
(Figure 1) , 

By defining different points along the upward slope to 
be the onset, one could easily obtain answers differing by 
Up to 20 msec. Since the nominal delay time betvreen carotid 
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and femoral onset times irs about 70 msec., such a variation 
could cause significant error if inconsistent, The deri- 
vative of the pulse wave signal has a much steeper upward 
slope, but is also much noiser. 

Fortunately, the pulse wave signal and its derivative 
are highly correlated. This has been exploited to combine 
the best features of both in defining the onset. The deri- 
vative is used to pinpoint the onset, while the pulse-wave 
signal is used to verify that the peak in the derivative 
signal belongs to a pulse wave and not to some noise pulse. 

The algorithm for defining the onset times for both 
carotid and femoral pulses is depicted in Figure 2. The 
time at v/hich the derivative crosses an operator-selected 
threshold defines a possible pulse wave onset and starts 
a timer. If the pulse-wave signal crosses a preset threshold 
(60% of its average peak level) before the derivative crosses 
zero, the algorithm is satisfied that a pulse wave has 
occurred and outputs a marker l60msec. after the t.imer was 
started. If the algorithm is not fulfilled, no output 
marker will occur and the timer will be reset. 

The interval between carotid and femoral onsets is 
measured by counting pulses from a crystal controlled clock 
and storing the resultant binary number, AT, The clock 
is turned on by the output marker from the carotid onset 
detector, and is turned off by the femoral marker. The 
propoagation time AT is then both reciprocated (^) and 


start 


Is derivative 
> thresh * ? 


Yes 



Start De- 



lay Timer 



Is derivative < 0? 


Reset 

Delay 

Timer 


s signal > thresh?| 


Generate Output 
pulse after 
delay. 


converted to an analog voltage hy a special D to A converter. 

Finally, constants M, ^,and P are introduced according to 

■^o 

the equation at the beginning of this section to provide a 
calibrated output. 

Heart rate is computed by determining the time, T, 
between successive carotid and femoral pulse pairs. A 
second reciprocating D/A converter produces an analog out- 
put voltage proportional to heart rate (“) on a beat-by- 
beat basis. When the EKG is used, the H“Wave is used for HR. 

A block diagram of the instrument is shown in Figures 
3A and 3B. A more detailed description of the blocks is 

% 

presented in Section IV. 
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II, Description of Front Panel Controls 
(See Figure 4.) 

A. EKG INPUI JACK and GA0?S I^TDICATOR XAMP. 

This jack accepts the three-electrode EKG cable, 
which is used whenever EKG synchronization is desired. 
The EKG-triggered gate is indicated by the lamp, which 
should blink once for each heart beat. 

B. CAROTID PULSE SECTION 

1. The Input jack accepts the carotid pulse 
transducer, 

2- Signal Output . The filtered carotid pulse 
signal is provided at this connector for display 
on an external chart recorder or oscilloscope. 

With proper transducer placement, the signal 
amplitude should be on the order of one volt. 

3. Derivative Output . The differentiated carotid 
pulse signal is provided at this connector. In 
addition, the threshold level may be multiplexed 
onto the same output if desired. The threshold 
multiplex feature is convenient if an oscillo- 
scope display is used, but cannot be used with 
a chart recorder. The multiplex option may be 
switched off using a behind-the-panel switch 
located on the output board, (See paragraph H 
below. ) 

4« Level Control . This potentiometer controls 
the threshold level for triggering on the carotid 
derivative . 


_u_ 


C, FEMOEAL PULSE SECTION 

The controls here are exactly analogous to the 
carotid section. 


D. INDICATOR LAMP SECTION 

The five indicator lamps are provided to permit 
the operator to correctly set the carotid and femoral 
trigger levels without using an oscilloscopic display. 
Their function is described below in Section III, para- 
graph C . 

E. C2VLIBRATIOK SECTION 


This section contains three potentiometers which 

provide an adjustable linear calibration of the output 

voltage. Thus, the output voltage may be set to be a 

1 

linear function of the pulse wave velocity, ^^accord- 
ing to the equation indicated: 


^out = 


M , 1 1.0 

50 ^AT “ T ^ 4 ■ 

o 


The procedure for calibration is described in Section 


III. 


F. OUTPUT SECTION 

This section contains a digital voltmeter which 
will display instantaneous heart rate or diastolic 
blood pressure, as selected by a switch located just 
to the right of the meter. 

The HOLD-RUN push-button switch permits the 
operator to hold a given value of HR Eind BP in order 
to perform the calibration prdcess. In the ’'kold" 
position the instrument will not accept any new data, 
but will continue to display the held value for HR or BP, 
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Analog output voltages corresponding to HR and 
BP are provided via the two BNC connectors. The 
multiple pin connector provides the BCD output of the 
DVM, for computer use. 

G, PO^^ER SECTION 

The power on-off switch and indicator lamp are 
included in this section, as well as a line fuse (1 
ampere slow blow) . 

H. BEHIND-THE-PANEL SWITCHES. (See Figure 5.) 

1. EKG board - This switch disables the EKG- triggered 
carotid window, and must be "OFF" ( down ) when 

the EKG is not used, 

2. Output Board - This sv^itch controls the chopping 
multiplexer. It must be "OFF" ( down) when using 

a chart recorder, or when the threshold level 
multiplexing is not desired. 


Figure 4 
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Operating Instructions 


A. EKG LEADS 

The EKG leads are placed as illustrated in Figure 
6. The skin should be cleaned with alcohol and the 
cups filled with conductive paste before they are applied. 
The light above the EKG input connecter should flash 
once per heart beat. Uninterrupted operation of the 
light indicates excessive 60 cycle noise, which is 
usually caused by one or more poorly conducting leads. 

Note ; If the EKG is not used, the 
disabling switch on the EKG Board O 

must be moved to the "OFF" position 
(down) . Otherwise the carotid and 
femoral detectors will not operate. . 

ia 

B. CAROTID AND FEMORAL TRANSDUCER PLACEMENT 



Bfack 


The transducers should be positioned over the 
carotid and femoral arteries with the harnesses supplied 
(see figures 7,8, and 9). For best results, they should 
be tightly held, consistent with patient comfort. Note 
that two tips are supplied with each transducer. Over 
fleshy areas best results are obtained with the wide 
tip. However, with thin-necked people, the thin tip 
is preferable. 
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C, THRESHOLD ADJUSTMENTS 

Threshold adjustments may ‘be made most conveniently 
with the help of an oscilloscope. The pulse signal 
derivative and the threshold level are multiplexed and 
provided for oscilloscopic viewing at the "derivative 
output" connector. The threshold level should be ad- 
justed to give unambiguous triggering. 

If an oscilloscope is not available, lights - L^ 
may be used to adjust threshold levels properly. 
and It2 relate to the carotid signal, while L^ and L^ 
relate to femoral pulse signals. L^(or L^) changes 
state each time the derivative signal crosses threshold. 

(or L^) flashes whenever the instrument identifies 
a pulse according to its algorithm. Normal operation 
will lead to one change in state of and one flash 
of per heart-beat. In cases where a large dicrotic 
notch is present, the derivative may cross threshold 
more than once, causing double triggering of L^{or L^) . 
Under these conditions the threshold should be adjusted 
to obtain one flash of 1^2 (or L^) per beat. 

Note ; The carotid lights will not operate unless an 
EKG is present or the carotid windoxi; is disabled. Also, 
the femoral lights will not operate correctly until 
the carotid threshold is adjusted correctly. 
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D. CALIBRATION 

The heart rate channel is calibrated internally 
and should not require further adjustment. Calibra- 
tion of the blood pressure channel requires an inde- 
pendent measure of blood pressure, such as a standard 
sphygmomanometer, or intra-arterial measurement. In- 
itially the controls in the calibration section should 
be set approximately as follows : 

M = 500 



P = 0' 
o 


With the CMS operating, obtain an independent BP 

reading and push the HOLD button. The CMS will hold 

the most recent values for BP and HR. With the meter 

switch in the BP position, adjust the ^ control until 

■^o 

the meter reads zero. Next adjust the P^ control un- 
til the meter reading agrees with the subject's dia- 
stolic BP. Next, a significant change in the subject's 
BP must be induced. (Isometric muscle exercise, in- 
halation of amyl nitrite, LBNP, etc. are some potential 
methods.) Document the new BP with the standard tech- 
nique, and immediately push "HOLD" again. Adjust only 
the M control until the meter reading indicates the 
the observed new BP. Lock all controls. Additional 
calibration points may be checked if desired. 
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An example of the analog BP output channel as 
displayed on a slov/ly moving strip chart recorder is 
shov/n in Figure 10. The subject v;as in this case, 
a dog, and simultaneous records of intra-arterial BP 
and the CMS BP output are shovm. (The periodic 
oscillations in BP are due to respiration.) The BP 
vjas manipulated using levophed. 


• Femoral 
ntra-Ar terial 
-lood Pressure 
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IV. circuit Descriptions 

Section V contains the relevant circuit diagrams and 
part layouts . 

A. PHE-AMPLIPIER BOARD (Figures 11 A,B) 

The input signal from each pulse wave transducer 
is buffered and amplified (x55) by an FET-input op-amp, 
Q^. It is then processed to yield three output signals 
(Vi,V 2 and V^) . corresponds most closely to the 

pulse wave signal with baseline shifts and high fre- 
quency noise attenuated. V 2 and correspond to the 
first and second derivatives of V^^/ respectively, but 
have been filtered to reduce noise above 100 Hz. In 
addition, they hav'2 been amplified to restore their 
signal to the 1 volt level. Refer to the block diagram 
(Figure 3) for approximate filter characteristics. 

B. EKG AND WINDOW BOARD (Figures 12 A,B,C) 

The EKG is buffered and amplified by a three op- 
amp differential amplifier CQ3_<’Q2 ^4^ with a gain 

of 100. It is then high pass filtered at 13 Hz to re- 
duce baseline shifts and remove most of the T wave , 
amplified by 63 (Q^) , and lov? pass filtered at 16 Hz 
to reduce muscle noise. Peaks in the EKG are detected 
by half-wave rectifier Qy and averaged and buffered by 
Qg to create a threshold level for comparator Q^. 

Every time a QRS complex occurs, the comparator *s out- 
put goes low and triggers both a 200 msec, pulse for 
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laTTip Lg, and a 60 msec, pulse. The end of the 60 msec, 
pulse opens the carotid window, which is closed 40 msec, 
after the detection of a carotid pulse or automatically 
after 160 msec. The femoral window is opened by the 
carotid derivative and closed 40 msec, after a femoral 
pulse or automatically after 280 msec. 

C. THRESHOLD BOARD (Figures 13 A,B,C,D) 

Events in pulse signal and derivative are 
detected by an amplitude criterion and then processed 
according to the algorithm described in Section I. The 
circuitry in Figure 13A computes threshold levels by 
averaging previous peak values and compares them to 
the current signal amplitudes. Peaks are detected 
by the half-wave rectifiers, and Q^. During the 
appropriate window, (see paragraph B, above) the signal 
peaks are transferred through the CMOS switches and 
stored on the capacitors. The resultant waveforms are 
smoothed by additional RC's and buffered by Q 2 and Qg 
to provide threshold levels for comparators , and Qg . 

Each time a signal exceeds threshold its comparator 
output goes low and triggers a 1 msec, pulse at point 
A or B (See Figure 13 B) denoting the occurence of an 
event. In addition, the pulse causes the CMOS switches 
to reset the capacitor voltage to zero, enabling it to 
chcirge to a new peak value which may be lower than the 
last one. 

* 
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The circuitry used to realize the onset deter- 
mination algorithm is str eight- for^^ard. (See Figure 
13 C.) A pulse at point B sets the left flip-flop / 
which disables the reset and starts the CD4024 counter. 
If point A is pulsed before C, the righ-^ flip-flop 
is set and the count ‘continues. When the counter 
reaches 160 msec., it stops and an output pulse occurs 
at point D. However, if point C is pulsed before A, 
the right flip-flop does not get set; the left flip- 
flop and the counter are both reset and no output pulse 
occurs. 

D. BLOOD PKESSUEE BOARD (Figures 14A,B,C) 

The delay time (AT) between carotid and femoral 

onsets is measured by counting pulses from a crystal 

controlled clock in the CD 4020, 14-bit counter. The 

count begins when the carotid onset pulse (from the 

Threshold Board) sets a flip-flop (Figure 14 A) which 

enables the clock input. It stops when a femoral onset 

pulse resets the flip-flop or when the count reaches 

280 msec. Resetting the flip-flop triggers a series 

of pulses which first transfer the count to the latches 

and then reset the counter. The count is stored in the 

latches until the next sequence. (Engaging the "HOLD” 

button prevents transfer of new data.) The latches 

control switches (SSS4416) , which control a binary 

weighted resistor ladder such that the total series 

' » 

resistance, R^, is proportional to the count, AT. 
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In turn, the ladder is part of an op-amp circuit in 
which : 


Therefore, is proportional to the reciprocal of 
the delay time (^) . The reference (Vj^p) is provided 
by a LM723 precision voltage regulator. 

E. HEART RATE BOARD (Figures 15 A,B} 

This circuitry is similar to the Blood Pressure 

Board. It counts pulses from a crystal clock and 

stores the number in a group of latches , which control 

switches that modify a resistor ladder. The timing 

sequence is initiated by the Blood Pressure Board 

Transfer, which transfers the interbaat interval to 

the latches and then the counter. The reciprocating 

D/A ladt^er is analogous to its counterpart on the Blood 

Pressure Board. The timing sequence may also be initiated 
by the EKG. 

P. OUTPUT BOARD (Figures 16 A,B,C) 

The voltage from the Blood Pressure Board (V^) is 

added to (-A by op-amp Q, and the sum is multiplied 
■^o 

by (-M) . P^ is added by and the result is inverted 
to yield a posit5,ve output. 

The output multiplex circuitry (Figure 16B) switches 
between the derivative signals and their thresholds 
at 770 Hz, such that when viewed with an oscilliscope. 
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the two signals will appear superimposed. The multi- 
plexing is disabled by a switch mounted on the board, 

G. LIGHT BOARD (Figures 17 A,B) ' 

The Light Board supplies buffered signals to the 
various indicator lights on the front panel. The 
carotid and femoral signals (B) are used to clock J-K. 
flip-flops. Their outputs are buffered to drive 
lights L^ and L^ / which turn on with one pulse and 
off with the next. Carotid and femoral signals at D 
indicate that the onset algorithm has been satisfied, 
and they drive lights and L^. Pulse E and light L^ 
are on for the duration of the carotid- femoral delay 
tiitie (AT) . Convert H indicates successful transfer 
of data and computation of the new BP and HR. It 
is intended for computer use and appears only on pin 14 
of the multiple-pin output connector. Finally, BKG G 
drives the light above the EKG input on the front pannel, 
which indicates that a QRS complex has been detected. 

The light remains on for 200 msec. 

H, GENERAL CONSIDERATIONS 

1, All op-amps operate from -15V. 

All CMOS , except on the Light Board , operate 
from +15V and ground. 
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I DESCH!!>TiO^J I 

I The Datel Datamite DM-2000 is the first LEp 
; 3% digit panel meter to sell for betow SI 00.00 
j in single quantities. This has been made possi- 
! ble t>’ the vuide acceptance of Datel Systems 
line of Datamite Digital 1*3061 Meters which 
> have a proven record of performance and 
' reiiabiiity. 

\ The DM-2000 combines the ease and accuracy 
I of digital readout with high input impedance 
i and noise rejection to provide an inexpensive 
I digital panel meter (digital voltmeter) that 
I will enhance the operation, performance and 
I appearance of any instrumentation system. 

1 The DM-2000 is ideal for new equipment 
design or may be utilized in updating existing 
{ instruments or systems that require a stable, 

I accurate digital readout for voltage. Simple to 
j install. Die DM-2000 is supplied complete and 
' ready to operate, requiring only a connection 
' of an input signal and power cable. Applica- 
tions include measuring or any parameter for 
; which a suitable output voltage is available. 
t These include absorption, acceleration, cur- 
rent, dispidcement, distortion, emission, flow, 
fiequoncy, Ph, pressure, strain, torque, and 
I many others. 

[the DM-2000 provides a differential input 
I with a 100 MegOhms input impedance and a 
{ common mode' rejection of ?0 db at GO Hz. 

The input range is *1.999 volts or *199.9 
I millivolts. The display is 3'A digits including 
1 automatic polarity and overflow indication. 

I In addition the output is presented to the I/O 
I connector as BCD/TTL information. 

I High quality computer grade components, 

I superior workmanship and wide-safety-margin 
1 designs combine to make Datamite OM-2000 
I a must in your present equipment or future 
I gcfierattan designs, ! 
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DcTanca Control 
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common. (Sea I/O chart for proper pin 
connection.) 
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Ze~o Control 
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-'j aOOlpV Model Bl. Rotate the zero control 
until the LSD (Least significant digit) 
flickers between zero and one. 

( [Xill Scale Control 

■ U Adjust the output from the reference 
T source to 1.090 volts. Rotate the full scale 
control of the panel meter until the meter , 
displays 1.930 volts. ( 
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